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Structural phase transitions (SPTs) in cr'ystals between high 
symmetry (disordered) and low symmetry (ordered) phases occur on 
change of temperature, or pressure, or intensity and frequency of 
light, or even electric and magnetic fields applied at the sample. 
Recently, the focus of studies on SPTs has been on both the 

theoretical and experimental aspects of static and dynamic 

properties, their universal features and microscopic mechanisms 
governing them. Many interesting new areas (such as laser induced 
SPTs and oscillatory instabilities, PTs in laser trapped 
ions/atoms, incommensurate SPTs, systems containing lattice 
disorder due to impurities, multi critical points, quantum 

crystals, high T^ superconductors and quasi low dimensional 
systems) have emerged. One of the most novel theoretical 
approaches has been the application of the methods of equilibrium 
phase transitions to the field of synergetics or deterministic 

chaos. Recently, experiments on diverse physical, chemical and 
biological systems have been extending the concept of universality 
to the "transitions to chaos" in nonlinear systems and geometric 


phase transitions. 



Among the various experimental techniques, Raman and infrared 
(IR) spectroscopies are the powerful micro probes to study the 
static and dynamic processes occurring at the molecular (or 
atomic) level during the SPT . Both the techniques are 
complementary to each other. 

The thiocyanates MNCS (where M = K. Rb. Cs , T1 and NH^) are 
ionic crystals consisting of univalent cations and rod shaped 
anions. These substances are of interest because of their simpler 


structures at 

room temperature (RT) 

and 

order-di sorder 

type 

SPTs ' 

at higher temperatures. The SPTs 

i n 

MNCS systems 

have 

been 

studied using 

thermal analyses , X-ray 

& 

neutron diffraction 

and 


nuclear quadrupole resonance spectroscopy on one or more of these 
compounds. So far. Raman & IR spectroscopic studies of SPTs have 
been reported only for KNCS and NH^NCS systems. In the present 
work, a detailed vibrational (Raman & IR) spectroscopic 
investigation of SPTs in CsNCS, RbNCS and TINCS has been carried 
out. for the first time. The main objectives of these studies 
have been a search for microscopic order parameters like soft or 
hard modes and other spectral manifestations of order-disorder 
SPTs with an eventual aim of attaining a clear understanding of 
the microscopic mechanisms governing the SPTs and their 
universality aspects. Quantities like activation energies (U) for 
the re-orientational motion of NCS ions and universal exponents, 
e.g., order parameter exponent </?) and correlation length exponent 
<p> have been extracted from the experimental data. The most 
interesting and novel aspect is the observation of laser induced 
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temporal oscillations and cascade of period doublings as a 
function of laser irradiation time, near the SPT , in CsNCS 
crystal . 

The thesis has been divided into seven chapters. Each 

chapter is self-contained. The chapter 1. briefly outlines the 
general introduction to equilibrium and nonequilibrium phase 
transitions (EPT and NEPTs>. the relevance of EPT concepts in 
understanding certain complex NEPT phenomena. classification of 
SPTs; vibrational spectroscopies and their important role. In 
addition, various other topics like critical exponents, 
microscopic order parameters and other spectral manifestations of 
SPTs have been briefly reviewed. The new directions in the field 
of SPTs, recent developments in the experimental techniques and 

some important aspects of laser induced instabilities and 

univalent thiocyanate systems have also been discussed. 

Chapter 2 contains the brief summary of the sample 

preparation methods, Raman & IR techniques and various factors 
affecting the spectra. Emphasis is given to the preventive 
maintenance and the methods employed for better data acquisition. 

In chapter 3, Raman & IR spectra of CsNCS sample at RT and 

the temperature <T> dependence of various thermosensitive 

vibrational modes are presented. On the basis of detailed 

experimental studies, the orthorhombic to cubic transition in 

CsNCS at T 2 * 470°K has been spectroscopically characterised as an 
c 

order-disorder and to be first order in nature. A remarkably 
consistent value of ^ a* 0.5? ± 0.04 has been obtained from the 
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characteristic changes in the integrated intensity of the C-N 
stretching mode and the peak frequency of the in-plane 

rotatory mode, for T well below T^. The anomalous increase in the 
band widths of many modes in the IR and Raman spectra have been 
attributed to the increased anharmon i c i t i es as precursor effects 
to the transition. An activation energy, U at 0.46 + 0.02 ev has 
been calculated from the exponential increase in the bandwidth 
near T^. The replacement of Raman external modes by a 
broad-^jand spectrum and the smeared off fine-structure in the 

C-N 

region of IR spectrum for have been related to loss of 

translational invariance and emergence of dynamic disorder in the 
cubic phase, as both ions < Cs^ , NCS ) are in motion. 

Chapter 4 reports the novel observations, near SPT, in CsNCS 
single crystal. Some unusual periodic oscillations and cascade of 


period doublings 

i n 

the scattered 

light were observed as 

a 

function of time, 

, when 

CsNCS crystals 

were kept stable 

near 

the 

SPT temperature 

and 

irradiated by 

various focussed 

beams 

of 


constant laser powers. From the striking similarities between the 
observed phenomenon and the period doubling bifurcations which 
occur in diverse nonlinear physical, chemical and biological 
systems, different oscillatory regions in CsNCS crystal have been 
related to successive instabi 1 i t i es, as some internal parameter of 
the system changes with the irradiation time in a self-controlled 
manner. Considering thermal and photo-induced changes as the 
major sources, probable nonlinear interaction mechanisms for the 
observed phenomenon have been proposed. 
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In chapter 5, comprehensive Raman & IR studies of SPT in 

RbNCS are presented. The ft obtained from both Raman & IR 

measurements ift s* 0.45 0.04> is strikingly consistent. In the 

Raman spectra, the appearance of sidebands in the and 

mode regions and the unusual temperature dependence of their 

relative strengths and splitting energies revealed the existence 

and gradual diminution of an internal field as the orthorhombic to 

tetragonal transition temperature (T^ a« 439°K> is approached from 

below. Further. the internal field influences C-N and C-S 

oscillators in an opposite way. These results have been discussed 

in the context of an anharmonic oscillator model. The broad — band 

spectra in the external as well as internal mode regions indicate 

rapid head to tail fluctuations of NCS” ions. for T>T . The 

c 

activation energy. U as 0.Z9 + 0.02 ev, has been calculated from 

the variations in near T^ . 

Chapter 6 reports the detailed analysis of Raman & IR spectra 

of TINCS sample at various temperatures between 295 - 458°K. The 

spectral manifestations of orthorhombi c-tetragona 1 SPT have been 

found in large changes of the band profiles of many internal and 

external modes near T = 567°K (a* T > . More precisely, the linear 

c 

variations in reduced peak intensities (I^ & I^) of Raman external 
modes and the complete disappearance of v- mode at T symbolize 

iL, C 

the progressive re-orientational disordering processes as T 
approaches T^ from below. Values of ft obtained from these 

intensity measurements are 0.46 0.04 and 0.45 + 0.04, 

respectively. Thermal behaviour of reveals the importance of 
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order-parameter fluctuations near T^. A meanfield type 

correlation length exponent, v at 0.46 i 0.04 has been computed 

from the characteristic T dependence of above T . An abrupt 

increase in bandwidths of some of the internal and external modes, 

near T^, has been attributed to the orientational disordering of 

NCS ions. The activation energy, U at 0.32 i 0.02 ev, calculated 

from the large enhancement in the bandwidth of a librational 

mode is in accordance with the reported U (a: 0.41 ev> value of 

KNCS system. Like RbNCS , the appearance of side bands in the 

mode regions of Raman spectra and the 

anomalous T dependence of their relative intensities and splitting 

energies reveal the existence and gradual diminution of an 

internal electric field as T approaches T . 

c 

Chapter 7, outlines the conclusions drawn from the present 
work. Comparison of present studies with known ones in other 
systems reveals the existence of internal fields in the 
orthorhombic phases of RbNCS and TINCS. All the characteristic 
changes in the vibrational spectra of the samples studied suggest 
that the order-disorder SPTs in MNCS systems occur as both the 

cation and anion are in motion. It has been emphasized that the 

'period doubling’ like oscillatory instabilities are the unique 
features observed for the first time near the SPT and they may be 
the signatures of nonlinearities in CsNCS crystal. 
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CHAPTER 1 


INTRODUCTION 


AbstToct 

This chapter outlines the general introduction to 
equilibrium and nonequilibrium phase transitions (EPT and NEPTs), 
the relevance of EPT concepts in understanding certain complex 
NEPT phenomena, classification of, SPTs, vibrational spectroscopies 
and their important role in the detection of SPTs. In addition. 


various other topics 

1 i ke 

critical exponents. 

microscop i c 

order parameters 

(soft 

and 

hard 

modes > 

and other 

spectral 

manifestations of 

SPTs 

have 

been 

briefly 

rev i ewed . 

A brief 


discussion has also been done on the new directions in the field 
of SPTs. recent developments in the Raman techniques a.nd some 
important aspects of laser induced instabilities and univalent 


thiocyanates . 



1.1 Phase Transitions 


2 


By varying the temperature or pressure, or the intensity 
and frequency of the incident light and/or the applied electric or 
magnetic fields, many solids change their crystal structures, 
certain dielectric crystals become spontaneously polarized, 
paramagnetic materials become magnetically ordered, samples of 
certain metals and ceramics become superconducting loosing all 
resistance to the flow of electric current and certain homogeneous 
mixture of liquids become immiscible dividing to form two 
distinct liquids separated by a meniscus Cl-83. All these 
phenomena are familiar examples of equilibrium phase transitions 
(EPTs). A sample of matter is said to be in a certain phase <e.g. 
solid phase or the superconducting phase) when it has a well 
defined set of macroscopi cal ly observable properties (such as 
hardness or lack of resistivity). In general, the phase is an 
indication of the degree of order (or disorder) inherent' in the 
microscopic constiuents (e.g. atoms, molecules etc.) of which the 
given system is composed. Every physical system tends towards a 
equilibrium state by making compromises between the lowest 
internal energy and the highest entropy. In general. this 
competition between low energy and high entropy underlies the 
formation and stability of various phases of matter C91. 

1<1>1 Non<-equilibriu» Phase Transitions CNEPTs!) 

Phase transitions are not limited to systems in thermal 
equilibrium. Similar phenomena occur in systems subjected to a 
continuous influx of energy or non equilibrium systems. In recent 
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years it has become more and more evident that there exist 
numerous examples in physical, chemical and biological systems 
where well organised spatial, temporal or spatio-temporal 
structures arise out of chaotic <or disordered) states CIO, 11]. 
These ordered structures develop spontaneously and they are self- 
organising. Moreover, radically different systems described above 
exhibit striking similarities when passing from the disordered to 
ordered state suggesting that functioning of all the systems obey 
the same basic principles [12,1?], 

1.1.2 Order Parameter 

All the systems described above possess an enormous 
number of subsystems (or degrees of freedom). The determination 
of the detailed behaviour of any individual subsystem is in 
general, very difficult. So, the search for a relevant parameter 
(called order parameter) which represents the macroscopic 
behaviour of the system, is a crucial step in the phase transition 
studies. The order parameter <r}) is zero in the disordered phase 
and acquires a maximum value in the completely ordered state. In 
general, rj is an observable quantitative property of the system 
such as magnetization <M) of a spin system undergoing magnetic 
phase transition or polarization in the case of a ferroelectric 
phase transition. In structural phase transitions (SPTs) r) 
measures the extent to which the atomic geometry in the less 
symmetrical phase differs from that of the more symmetrical phase. 
It should be emphasized, however, that the recognition of the 



macroscopic order parameter in SPTs and NEPTs is not always 
straight forward. A brief list of phase transforming systems and 
their 77 ’s are summarized in Table 1.1. 

1.1.3 Order of the Transition 

When T) varies continuously with respect to an external 

variable such as temperature (T) {or pressure, or applied field 

etc.} the transition is called second order. Whereas, if r) drops 

di scont i nuous 1 y to zero at T^.then the transition is first order. 

In SPTs and NEPTs both (first and second order) .types of 

transitions can be found. At a first order SPT two different 

states are in equilibrium <i.e. two phases co-exist) but there is 

no predictable symmetry relationship between them. There occur a 

large hysteresis in the T^ values, dicontinuous changes in volume 

and entropy; and there is a latent heat associated with such 

transitions. In second order SPTs, the states of the two 'phases 

tend to become identical as the transition is approached and it 

follows that the symmetry of the system at T must contain all the 

c 

symmetry elements of both the phases. Order parameter, entropy 
and volume of the system change continuously, there occurs 
discontinuous change in specific heat, isothermal volume 

compressibility and isobaric volume expansivity but there is no 
latent heat associated with the second order transition. The 
X-transition is a special case of second order transition C5.143. 
1.1.4 Critical Exponents and Universality 

The most striking feature of the second order EPTs is 
the occurrence of large correlated fluctuations of t? near the 
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stability limit (or critical point) of the two phases concerned. 
The critical fluctuations can be quantified interms of a quantity 
called coTT&laiion length ?. which defines the extent to which 
microscopic constituents (spins, dipoles etc) at a distance of 'r' 
are correlated. As the temperature approaches T^, ^ grows 

rapidly, the maximum size of the order parameter fluctuations 
increases, but the smaller fluctuations are not suppressed. they 
merely become a finer structure superimposed on the larger ones. 
At the critical point ? diverges and fluctuations of all the sizes 
ranging from macroscopic down to atomic scales can be seen 
[15,16]. Due to these co-operative fluctuations and the 
correlation lengths being much larger than the range of the inter- 
particle forces all the physical observables become independent of 
inter-particle interactions. Hence, widely diverse systems (e.g. 
superconductors, fluids, f erromagnets . f erroe 1 ectr i cs etc) exhibit 
identical critical behavior [17,183. This universal behavior can 
conveniently be described interms of the quantities called 
critical exponents a./9,?',v which express the temperature 
dependence of the specific heat (Cp or C^^), order parameter (r)) , 

response function O^) and correlation length (?), near T , 

c 

respectively. Their functional relationships are given by 

c « I.l" 

« « j«|“^ 
and ? ot 


< 1 . 1 > 
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where y— ^ jdef i nes temperature width of the critical 

region. Critical exponents calculated from different theoretical 
models like classical mean field theories; Ising, XY and 
Heisenberg models are given in Table 1.2. It is very interesting 
to note that radically different systems with same lattice 
dimensionality <d) and number of components of 7) <n> show 
identical critical exponents representing one universality class. 
Moreover, there exist certain universal relations among the 
critical exponents C6,191. ’ 

1.1.5 Present Trend 

The phase transition and critical phenomenon is an 
interesting and well studied among many complex problems (like 
turbulent motion, Kondo problem etc) in physics in which the 
events at many length scales make contributions of* equal 
importance C16,20]. Since all these problems involve very many 
coupled degrees of freedom analytical solutions exist only for a 
few special examples. However, the experimental findings are very 
helpful in simplifying and testing the theoretical models and thus 
getting deeper insight into the phenomena. Recent experiments on 
diverse non-linear physical, chemical and biological systems 
showed that transitions to chaos. in these non-equilibrium 
systems, occur in some universal ways ClO-133. "Period doubling" 
is one of the well established universal routes to chaos C2I3. 
Additionally, there has been a great interest in extending the 
concept of universality to several non equilibrium phenomena such 
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as aggregation, gelation, fracture, viscous fingering ZZZl and 
self organised criticalities C23]. Profound analogies have been 
found between NEPTs and EPTs [24]. The most novel theoretical 
approach has been the application of methods of EPTs to the field 
of synergetics <a subject which treats all the NEPT problems in an 
unified frame work) [10,11]. 

Apart from the academic interest, EPT (or NEPT) studies 
play an important role in finding new materials (or non linear 
systems) with optimum qualities (or performances) needed for 
various technological applications. For example, a normal ceramic 
material (or amorphous Carbon) could be turned into one of the 
most useful materials, superconductor (or the hardest known 
material - Diamond) under appropriate conditions of temperature 
and pressures [8.25]. There are vast varieties of materials with 
innumerable applications. To mention few of them, f erroelectri cs 
can be used as peizo electric components, pyroelectric detectors 
and various other nonlinear optical components. Ferromagnetic 
materials can be used in computer core storage, liquid crystals in 
liquid crystal displays and, superionic conductors in solar cells 
[26-28]. Thus, the experimental, theoretical and applied aspects 
of phase transitions have acquired added importance. 

1*2 Structural Phase Transitions 
1.2.1 Classification of SPTs 

SPTs have been classified into following general 
categories [293: 

Ci> Reconstructive SPT t in which the original linkages of the 
periodic network are disrupted and a new lattice is constructed; 
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graphite to diamond or amorphous to crystalline phases being the 
classical examples. 

Cil) Martensitic SPT t lattice positions of the two phases are 
related by shear deformations. These are found in metallic 
systems, primarily. 

Ciii^ Distortive SPT t in which the lattice is distorted slightly 
without disrupting the original linkages of the periodic network. 
The distortive SPTs havp been further divided into displacive and 
order-disorder SPTs. 

In displacive SPTs only small displacements of atoms or 

molecular units take place over low potential barriers as in 

BaTiOj, SrTiOj and Te02* In order-disorder SPTs disordering 

(orientational or positional) of atoms or molecular groups, which 

have several equivalent orientations (or positions) separated by 

large potential barriers, takes place with large anharmoni cities 

and/or displacements [1,2]. If n^ and n^ denote the number of 

equivalent positions (or orientations) in the ordered and 

disordered phases respectively, the increase in the entropy (As) 

during an order-disorder transition is given by AS = Rln ( — ) 

"l 

where R = Boltzmann constant (per mole). Typical examples of 

orientational order-disorder SPTs are NH.Cl , NaNO* and KCN etc. 

4 2 

whereas the typical positional disordering systems are Fe^O^.Agl 
etc. Likewise, there could occur electronic or spin disorder 
involving Jahn-Teller distortions (as in TbVO^.NbjSn) or charge 
density wave fluctuations (as in NbSe^,). 

The analysis of several systems has been attempted by 
ideal categorizations into above sub-systems. However, the actual 
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SPTs could be a combination of more than one of the above 

categor i es . Recent 1 y , many interesting new areas such as laser 
induced SPTs and oscillatory instabilities PTs in 

laser trapped ions/atoms [32.333. in-commensurate SPTs. systems 
containing lattice disorder due to impurities quantum crystals and 
quasi low dimensional systems [1] have emerged. In addition the 
large number of nonequilibrium analogs to EPTs (as mentioned 
earlier), interesting class of SPTs which qualitatively display 

NEPT phenomena have been explored [34.353. In the present thesis. 

■* 

the orientational order-disorder type SPTs and laser induced 

period doxihling like instabilities have been dealt with. 

1 . 2. 2 Landau Theory 

It is one of the classical mean field theories which 
assumes that each particle moves in an average potential of all 
other particles. Although, critical fluctuations of 77 are not 
included, the mean field theories are successful in explaining 

many important features of phase transitions. Especially the 
singular behaviours of SPTs in ionic crystals < which display 
long-range forces or very small critical regions [363) can be 

conveniently described in terms of mean field exponents [Table 
1.23. 

According to the Landau theory, the free energy (F) of 
the system can be expanded interms of t), since 77 is small near a 
continuous transition. 

F * + A <7)>+B<77^>+C<r7^>+0(<r7>^) +E<>7^>+G<r7^>+ • • - 


<1 .2a) 



10 


Where the coefficients A.B.C.D,... are functions of temperature 

(or pressure). For symmetry reasons A = C = E = 0; and D > 0 for 

second order transition [5.14], Substituting these and neglecting 

6 8 

higher order (i.e. 17 , r> ...) terms, in Equation (1.2) the 

stability of the system is given by 


and 


F = 


2 

= ZBt) + 4D>)^ = 0 and = 2 <B+ 6 Dt 7 ^> > 0 


or r? = 0 , and (B+ 6 Dr> ) > 0 


( 1 . 2 b) 

(1.5) 

(1.4) 


From Equation 1.4 it follows that the state with 77 = 0 
is stable only for B > 0. For B < 0. the stable state corresponds 
to T) ^ 0. In otherwords, the flip in the sign of B which' occurs 
due to variations in the temperature (or pressure, or any control 
parameter) changes the stability of the system. 


i.e. B=a(T-T ) with a = const (>0) 

c 

or 77 = o for T i 

77 = b <T for T < T (1.5) 

' c c 

where b = = constant (>0>. 

Similar analysis for the first order transition can be done C53by 
considering the 77 ^ term with G>o and D<o in Equation (l.Za). 

1 . 2. 3 Probes for SPTs 

There are various experimental techniques to monitor the 
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changes in the macroscopic or microscopic properties of the system 

undergoing a SPT . Macroscopic measurements such as specific heat. 

DTA, DSC. thermal expansion. susceptibility. resistivity. 

dielectric and elastic constants have been extensively used to 

classify and comprehend different aspects of SPTs in solids. 

Whereas the static and dynamical processes occurring at the atomic 

or molecular level in SPTs can be probed by microscopic techniques 

such as diffraction (x-ray. or neutron. or electron). optical 

measurements (refractive index, or birefringence; or absorption. 

or fluorescence - UV.VIS and IR; or scattering - Raman. 

Brillouin and Rayleigh; or nonlinear optical measurements), 

inelastic scattering (neutrons, or x-rays) and magnetic resonance 

studies (EPR, or NMR, or NQR, or Mossbauer) [1.2,51. 

Most of these techniques are quite often complementary 

to each other. The accuracy and importance of each technique 

depends upon the information wanted in a particular case and the 

availability of the crystals with various sizes. 

The major microscopic techniques used in SPT studies are 

(1> Raman Scattering 

(2) Infrared absorption spectroscopy 

(5) Inelastic neutron scattering 

Among them, Raman scattering is the most versatile and 

occupies a unique position as far as the studies of longer 

wavelength (k=0> phonons are concerned. It provides the high 

spectral resolution and sensitivities. With recent techniques 

very small (micron size) crystals and coloured samples can be 

-14 

studied within ultra short (a* 10 s) time scales. Additionally, 
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second order vibrational excitations in Raman and IR 
spectroscopies, involving k=0 phonons are very much useful in the 
SPT studies of low dimensional systems. Neutron scattering is 
also an important tool from the point of view of pure phonon 
spectroscopy, because it samples the complete frequency wave 
vector <k ) space. But the main disadvantages are (i> it requires 
large crystals, <ii> longer measurement times, <iii> poor spectral 
resolution and <iv) low sensitivities for frequencies greater than 
200cm ^ . 

■* 

1.3 Vibrational Spectroscopy 
1.3.1 Raman Scattering 

When the light (with frequency o>^) interacts with the 
medium, an oscillating dipole polarization is induced, which 
inturn, emits the spectrum of scattered radiation consisting of 
many pairs ± of sidebands symmetrically disposed around 

the elastically scattered radiation. Sir C.V. Raman and his 
coworkers 07,58] were the first to discover and appreciate the 
importance of this inelastic light scattering phenomenon. The 
origin of inelastic scattered components <« ± was attributed 

to the modulation of polarizability (a) of the medium by the 
molecular or crystal vibrations Since then, the inelastic 

scattering of light became a sensitive vibrational spectroscopic 
tool to investigate structure, symmetry and dynamical properties 
of solids, liquids and gaseous systems [14,59-41] and is known as 
Raman scattering. The scattered frequencies at and 

(« +w_> are called Stokes and anti -Stokes components. 

O R 


respectively . 
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induced in 

^ 1 ( k . r -w 

E e 


The general expression 

medium by an incident 

t> . . 

o IS given by 


for the polarization 
electromagnetic field 
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'P = a t (t) 


( 1 . 6 ) 


where ot is electronic polarizability tensor and is modulated by 
the vibrations present in the sample. So, the components of a can 
be expanded interms of generalized normal co-ordinates Q(k,t) 
of molecular or crystal vibrations, i.e. ^ 
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The constant term a^*^^gives rise to Rayleigh scattering 

mn 

-9 -4 -1 (1) 

with a range of frequencies 10 to 10 cm . « leads to 

mn 

• 

first order Raman Scattering (range 10 to 4000 cm > . if in the 

scattering process an optical phonon is created or destroyed; or 

Brillouin scattering (0.05 to 1 cm if an acoustic phonon is 

involved. Ail other terms correspond to higher order processes 

involving two or more phonons, and normally, their contributions 

are negligibly small. Typical range of phonon excitation wave 

4 - 1 

vectors (k) in the light scattering process is zero to 5x10 cm 

That is the upper limit of k is three orders of magnitude less 

than the typical k (ac 3xl0^cm that lies in the Brillouin 

max 
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zone. So, the Raman Scattering is essentially due to long 
wavelength (or k ae 0) phonons. 

The spectrum of the Raman scattered light is 

obtained from the Fourier transform of the auto-corre 1 at i on 
function, <a^^\k,t) a^^^(k,o>>. More precisely, 

00 

I ^ (k, u>„) « 4- f dt e"“*^R^ < oi^^\k,t) a^^^<k,0)> <1.8) 

mn K cn J mn mn 


The final expression for the spectral differential cross 


.d^o- 


section } which represent the observed Raman line shape ©J-a 


Stokes component <Wg)is given by C143 




dOdco, 


\ o R oj 


(1.9) 

d2^ • 

Here - as;!; '- denotes the rate of removal of energy from the 
dOdWg 

incident beam <I > as a result of its scattering in volume V into 

o 

a solid angle dO with scattered frequencies between Wg & <*>g + dOg 


divided by the product of dOdw- & I 

s o 


n 


ng are refractive 


indices of the medium for the incident and scattered light. « 

o 

and tfg are unit vectors parallel to incident and scattered 
electric fields. 


gf^<<*>> = 


J- R nn 




determines the Lorentzian shape of the Raman line which has a full 
width Yd at half maximum intensity. The factor V/N is fixed by 



the 


temperature 


via Bose-E i nste i n thermal 


factor 
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n <a>> 


^^xp^ha>p/KgT>-ll^|■^ 

An analogous 
anti stokes component, 
components are related 


d o 

expression can be found for the 

AS 

In general, Stokes and anti-Stokes 


by 


d^cy ■rn(a)_) + l\ = n(«_) d^O" 

dO ^ ^ dO dWg 


< 1 . 10 ) 


1 . 3. 2 Infrared Absorption 

When the broad band infrared (IR) radiation incident on 
the medium part of the radiation, matching with the characteristic 
vibrational frequencies of the medium, gets absorbed. So, the 

4 

analysis of the transmitted <or reflected) light in the IR <10-10 
cm ^ ) region provides an invaluable information regarding the 
vibrational levels, symmetries and structural characteristics of 
solids, liquids and gaseous systems C42-44]. IR spectroscopy is 
essentially a complementary technique to Raman scattering. 

The IR absorption occurs through the changes in the 
dipole moment </j) of the medium during the molecular <or crystal) 
vibrational excitations C433. Like in the Raman scattering case, 
the components of can be expanded interms of generalized normal 
co-ordinates Q<k,t> of molecular or crystal vibrations. 


/j = /u 


<o) 


^ dQ. 


= 


( 1 ) 


( 1 . 11 ) 
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The intensity (I> of the absorption line is given by, 

I « \^J 

• '^mn ' 

where, u is the matrix element of the dipole moment 
mn 

with the absorption (transition from m to n vibrational 

1.3.3 Selection Rudes 

From the lattice dynamics there are <3n-3) optical and 
three acoustic phonons in a crystal having n atoms per unit cell. 
For a crysta'l having no spatial symmetry elements one would expect 
<?n-?) pairs of Raman & (3n-?) IR modes in the vibrational 
spectra. But Raman (or IR> spectra for different polarizations of 
the incident and scattered (or absorbed) light are often related 
by the spatial symmetry of the medium and some vibrational lines 
are required to vanish for certain polarizations depending on the 
nature of excitations. 

The spatial symmetry of the medium is specified by its 
symmetry group, (a group of all spatial transformations that leave 
the medium invariant). Individual atom (or molecules) have 
spatial symmetries characterized by a point group consisting of 
rotations and reflections that leave atoms or molecules invariant. 
The atomic (or molecular) arrangements in a regular crystal are 
characterized by a space group that contains translational 
symmetries in addition to reflections and rotations [143. 

In general, the selection rules for Raman ( or IR) 
spectra are determined by the symmetry properties of a ( or ) 

for the excitation concerned C453. The group theoretical 


( 1 . 12 ) 
assoc i ated 
1 eve 1 ) . 
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criterion which determines whether or not a phonon mode is active 
in the first order Raman (or IR) spectrum is the condition that 
particular mode transforms in the same way as tensor components 

a (or fj ) under the point or space group of the lattice. More 

mn mn 

precisely, the condition for a mode to be Raman ( or IR) active is 

that the irreducible representation according to which it 

transforms must be contained in the reducible representation for 

which the tensor components a ( or u > form a basis [46,473. 

mn mn 

1.3.4. Lattice Dynamics , 

Although the symmetry properties of molecular or crystal 
vibrations are obtained from a brief calculation, the derivations 
of their frequencies is a difficult task [143. Approximate 

numerical expressions exist for only the simplest lattices, with 
many drastic assumptions regarding the inter-atomic and 
inter-molecular forces. 

In the simplest microscopic model of ionic crystals, the 
ions can be treated as unpolar i zabl e , undi stortabl e point charges 
attracted by long-range coulomb forces and held apart by short 
range overlap forces [483. In the harmonic approximation a 
lattice vibration can be considered interms of a uniform 
distortion of the crystal in which the positive ions move against 
a rigid sub-lattice of negative ions. But to explain all the 
experimental results a large number of extra forces of unknown 
origin must be postulated. On the otherhand, the experimental 
findings of Raman and IR spectra are very much useful in 
determining various fitting parameters involved in potential 
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energy <P.E> function, and thus elucidating the correct forms of 
inter~atomic and inter-molecular forces. 

a> Internal and External Modes 

In many crystalline solids it is often possible to 

identify molecular < or ionic) groups for which the inter-atomic 

forces in the same molecule ( or ion) are stronger than those 
between atoms in different molecules (or ions). The vibrations in 
which different molecules (or ions) suffer internal distortions 
are called internal modes. Whereas, the vibrations in^ which 
different molecules (or ions) are displaced relative to one 
another without internal distortion are called external modes. 
Generally, internal modes have higher frequencies compared to 
external modes. The external modes are further divided into 

translational and rotational (or librational) modes which involve 
translations and quasi rotations of the molecular (or ionic) 

groups about their centers of gravity. 

diatomic molecule, the 
solving the Schr6dinger 

= 0 ( 1 . 1 ?) 

where x = r-r represents the change in the inter-atomic distance 
around the equilibrium position, ro is the reduced mass of the 
oscillator and V(x> can be written as 


b? Harmonic Interactions 

In the simplest case of a free 
vibrational energy levels are obtained by 
equation [493 for a given potential V(x) 


d^V'<x ) 
dx2 


2m 

^2 


CE .. - V<x>) Y <x> 
vib ^ 
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V(x) = 7 kg <x^ + ajx’ + + ) (1.14) 

1 Z 

where k is the force constant. For small x. V(x) ae -s-k x and the 
e Z e 

vibrational frequencies <u) of the molecule are given by eigen- 
frequencies of harmonic oscillator i.e. 


V 


V 

e 




(1.15) 


where v 

e 



and n 


0 . 1 . 2 ,? 




In general, one may have to deal with polyatomic 
molecules: and the crystalline environment greatly affects their 
vibrational spectra. 

The general expression for P.E associated with .the unit 
cell of a crystal in the harmonic approximation [48,501, is given 
by 


V = E + V> + E <v > + V, 4 V (1.16> 

j ' ' jk ' 

where the summations extend over all the molecules in the unit 

cell. The various terms are as following 

is the P.E. which determines the frequencies and 
J 

selection rules of the free j^*^molecule. V| is the perturbation 

to V*? due to the equilibrium field of the crystal at the site of 
1 

molecule. It may lead to changes in the frequencies and 
selection rules of free molecule. As a result, some of the 
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inactive modes may become active and degenerate modes may split 

(known as site group or static field splitting). 

represents the coupling between internal vibrations 

of different j and k molecules. It introduces an additional 

splitting called factor-group or correlation field splitting. If 

the number of molecules in the cell is n, a non degenerate mode 

will split into n components. 

represents P.E. which determines the frequencies of 

external modes. The last term V_ . represents the vibrational 

E] 

coupling between external and internal modes. 


Anharmonicity 

Experimental evidences in the number of modes, large 
bandwidths and their temperature dependence revealed that the 
harmonic P.E. approximation, which predicts the appearance of a 
limited number of sharp fundamentals, is inadequate. Dne must 
consider the effects of anharmon i c i t i es . There are two types of 
anharmoni cities, namely, mechanical and electrical. Deviafions 
from the harmonic P.E lead to mechanical anharmoni c i t i es . 
Whereas, the electrical anharmonicity arises due to the nonlinear 
variation of a (or ^) with the normal co-ordinate (Q) of 
vibrational mode C48-51>. The general expressions for V & X ( = a 
or fj} are given by 
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X =E 
i 
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1 J 
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XV, 
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<1.17) 


where i.j.k ... refer to different normal co-ordinates, hence 

coupling of different phonons. Ingeneral, (n+l)^*^ order term in V 

and/or n term in X allow n~phonon transitions to occur. So that 

if one particular phonon mode is excited it will in time decay 

into other modes and the peaks are broadened as a result of the 

finite lifetime of the modes. For example if a cubic 

anharmoni ci ty leads to the decay of a phonon of frequency into 

o 

two phonons of frequency [52] the thermal broadening of the 

mode due to this process can be expressed as 


U fiO) 1 - "I 


<1 . 18) 


Similarly, for quartic process one can assume that w decays into 

o 

three phonons of frequency <«> /5 which then gives 05] 

o 


^Quartic ^ 


® C -5^ * I ] + Tz] 


<1 .19) 


In the high temperature limit, enharmonic contribution 
to bandwidth (y) upto quartic processes is given by 


Y 

* anharmon i c 


Os a + bT + cT 


< 1 . 20 ) 


Where a,b & c are constants, independent of temperature. 
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1,4 Vibrational Studies of SPTs 

As described earlier, the number of Raman ( or IR) 
active modes depend on the number of formulae units in the 
primitive cell, as well as on the symmetry elements of the 
crystal. Since both these features are apt to change across a SPT 
the spectra will differ on either side of the transition. 
Namely, new lines can appear and degenerate modes in the higher 
symmetry phase can be splitted into several components due to the 
transition to a lower symmetry phase. In general, the temperature 
dependence of peak frequencies, intensities, bandwidths* and 
splitting energies of vibrational modes yield information 
regarding the ultimate structure and dynamics of a solid 
undergoing a SPT. 

1.4.1 Soft Modes 

SPTs in solids are quite often accompanied by an 
observable fall in the peak frequencies of certain normal modes. 
Raman and Nedungadi C543 were the first to notice such a strong 
decrease in the peak frequency of a totally symmetric optical 
phonon (ae 220 cm~S near the a to (i transition in quartz. Later 
it has been realized that every SPT can be regarded as an 
instability of the crystal for a certain normal mode of vibration 
called sto/t whose frequency decreases as T approaches T^ 
C55-573. Although more general theoretical reports are available 
Cl. 2, 5, 58 3, the connection between the order parameter <t?) and the 
soft mode <«) can be made by regarding the Landau's free energy 
<F>. {Equation 1.2>. as the potential of a one dimensional 
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oscillator expanded in powers of the displacement n . In the 
harmonic approximation 

2 

d F 2 

= — = m w = 2B <1 . 21 >• 

2 

From Equations (1.5) and (1.21) o> = 2B/m = const |T^-Tj 
The nearly - harmonic lattice dynamical theories 
explain, most of the features of purely displacive SPTs. However, 
in order-disorder SPTs enharmonic contributions are large. Soft 
modes in such systems are not quantized small amplitude 

displacement waves but can be considered as pseudo-spin 

excitations by analogy with magnetism C593. Frequency of a 
soft mode decreases and saturates at a finite value as T 
approaches T^. Above T^ the excitation spectrum shows 

relaxational character and is centered around w = 0 Cl, 2, 53. 

1 . 4. 2 Hard Modes 

The existence of soft modes in vibrational spectra is 

the most interesting manifestation of SPTs. But it is by no means 

the striking spectral change induced by SPTs. The most striking 

spectral manifestations of SPTs occur for some of the modes which 

are not directly involved in the phase transition C443. These 

modes are called hard modas and they consist in either activation 

of silent modes and/or splitting of degenerate modes below T . A 

c 

qualitative information on the effects like number of new lines 
expected, existence of splittings etc. can be deduced from a group 
theoretical comparison of symmetries of space groups, G & G of 
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low and high temperature phases. A 

splittings, relative strengths of 

temperature dependences can be made 

of the coupling between the order 

degrees of freedom. For example in 

transition G is a sub group of G . 

o 

evaluate [60] uniquely the symmetry 


quantitative account of mode 
vibrational modes and their 
on the basis of an evaluation 
parameter (t?) and relevant 
a meanfield (or Landau) type 
Knowing G & G one can 
reduction condition 


G 

o 




(k. j) 



G 


( 1 . 22 ) 


The knowledge of the active irreducible representation 
(k i ) 

Ir ' . CC.>] gives possibility to write down the free energy <F) 

expansion interims of the invariants of 77 and to establish all 

possible couplings. 

As a rule, variations in the mode strengths and 
frequencies are proportional to some positive integer power of 
spontaneous value of 77 . A method, to determine this power by 
group theoretical means of searching the lowest invariants in the 
F, that describes the effects induced by SPTs, has been reported 

by Petzelt & Dvorak [61]. Recently, Bruce et al [62] have 

developed a. general theory for the Raman activity of hard inodes. 
According to this theory, the total Raman intensity <I) of the 
hard mode can be expressed as 


I 


j t-R ^ j CP ^ j 


( 2 . 2 ?) 


LR 


where I 


is the long-range contribution to the first order 
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2 CP 

scattering in the ordered phase and is proportional to r? . I is 

the central peak contribution to the first-order hard mode 

PH 

scattering induced by short range order, and I represents the 
contributions from two-phonon processes involving hard and 
soft-phonon quas i -harmon i c interactions. 

1.4.3 Orientational Disorder and Activation Energies 

As described earlier, the molecular ions in solids may 
have several equivalent orientation^ which are separated by a 
potential barrier of different multiplicities depending on the 
molecular and site symmetries of the lattice occupied by the ion 
C633. If the re-orientational motion is treated approximately as 
a jump motion between the available orientational sites. the 
angular jumps may occur randomly taking the ion from one 
configuration to an equivalent one where it resumes all its normal 
vibrations over again C523. The effect of these head to tail 
orientational fluctuations on the vibrational line shapes have 
been analysed by several workers C64-683. In general, IR line 
shape remain unaffected. Raman line shape reflects the symmetry 
adopted k = 0 states in the ordered phase and optical density of 
states in a totally disordered phase [683- Moreover. the phase 
interruptions to the vibration make a contribution to the 

Raman bandwidth. The temperature dependence of a Raman linewidth 
due to this re-orientational process can be expressed by an 
Arrhenius type equation [52,64.67] 


« 
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re-on 


exp 




(1.24) 


Where U is an activation energy corresponding approximately to the 

height of the potential barrier [663. = Boltzmann constant and 

y is a constant prefactor, 
o 

In general the experimentally observed Raman bandwidth y 
is given by 


^instrumental ^ ^vibrational ^ ^anharmdni 


+ Y 


re~orienfa + ir>r>al 


(1.25> 

’'instrumental*' ''vibrational independent of temperature 

''enharmonic Equation (1.20), and by 

Equation <1.24>. Neo.i' an order-disorder transition, y . 

re-or i ent 

may become dominant due to rapid re-orientational fluctuations of 
ions. So, the activation energy (U> can be calculated from the 
large enhancement in the bandwidths, using Equation <1.24>. 


1.4.4 Effect of n Fluctuations 

Fluctuations of order parameter (r?) are comparable with 
the saturated values of 77 near the order-disorder transitions 

S 

[613. So, they are expected to play a dominant role on the 
vibrational intensities. Except for a few SPTs [58,693. where 
strong interactions amongst the phonon modes are expected. the 
Ornstien-Zernike theory of fluctuations developed within the 
Landau formalism [703, is valid [71-753. In long-wave length 
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(k -* o> limit, the pair correlation function G<r> for atoms at 


separation r in a cubic crystal is given by 


G<r> 


QC 


exp ( -r/^ ) 
r 


(1 . 26) 


Where ? is the correlation length for the fluctuation and 




<1 .27) 


with a correlation length exponent v = 0.5 

The scattered intensity I(k) can be related to Fourier 
transform of G<r) by E74] 

Kk) cx — I 5 <1.28> 

+ ?" 

On the similar lines. Dultz C753 calculated the 
contribution from fluctuations to the Raman Scattering 
i ntens i ty ( I > , near an order-disorder transition. According to 

p r -1 

that the reduced Raman scattered intensity £1 = TnTSiTTTTJ 

disorder allowed phonons which have a wave vector inside a small 

sphere of radius k around the critical wave vector k is given by 

o c 

I** <«> = E p <“> f a.+b 

Where p^(o>} refers to one-phonon density of states of the phonon 
branch j ; and a^ and bj are temperature independent parameters, 
only depends on temperature via . So that the intensity 


* 


tan"'k ? 


}] 


<1.29> 
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enhancing second term represent the contribution from 17 
fluctuations, near T^. Whereas the first term is due to 
self-correlation which contributes to the spectrum even in a 
completely disordered crystal with ? = 0 . 

1.4.5 Recent Developments in Raman Techniques 

Raman scattering is a weak effect with a typical 

-■JO 2 

scattering cross section 10 cm and conversion efficiency s*. 

~ 8 

10 . Early experiments were carried out with powerful mercury 

lamps surrounding the sample, prism spectrographs, and the spectra 

'll 

were recorded by hours-long photographic exposures. As mentioned 
earlier, Raman & Nedungadi observed soft mode in quartz as early 
as 1940 C54], with their indigenous efforts. But to record the 
spectra below 100 cm ^ was almost impossible at that time because 
of unavoidable stray light. 

The invention of laser (I960) which provides an intense, 
monochromatic, (ultrashort pulses and tunable frequencies when 
desired) and highly collimated beam of light has been major 
important factor for the renaissance in the field of Raman 
spectroscopy of SPTs. Additionally, the developments in the 
design and construction of double, triple and tandem 
monochromators with holographic gratings, perfect data acquisition 
techniques with optical multi channel analysers, image intensifier 
tubes, low dark current phtomult ipl ier tubes and dedicated 
computers have created new exciting perspectives for Raman 
spectroscopy by improving the resolution, accuracy, sensitivity 
and fast data acquisition capabilities. 


29 


Now the Raman spectroscopy is a powerful nondestructive 

method for the study of SPTs. The whole range of inter and intra 

molecular phonon frequencies can be studied with utmost 

sensitivities. With the advent of microtechniques the studies of 

micro crystals with spatial resolutions of 10 ^m are possible. 

Additionally, time resolved Raman spectroscopy provides real time 
- 1 4 

(upto 10 sec) information regarding the dynamical changes in 
crystals undergoing SPTs £763. The invention of dye lasers has 
made the possibilities of resonance Raman and non-linear coherent 
Raman scattering studies of coloured samples. Unwanted 

fluorescence could easily be descr iminated by these techniques 
£413. 


1.5 Laser Induced Instabilities 

As mentioned earlier (Section 1.1.1) there exist many 
nonequilibrium systems which show rich variety of spatial, 
temporal and spatio-temporal patterns as some control parameters 
involved are varied. Formation of pattern means the former 

structure cannot persist any longer, i.e. it becomes unstable 
£113. The phenomena of pattern formation are often called 
instabilities or bifurcations. In addition to many examples of 
pattern formations in nonequilibrium systems there exist a few 
ferroelectric crystals which exhibit nonlinear responses and 
period doubling bifurcations near their equilibrium phase 
transition temperatures £77,783. 

Recently, there is a lot of interest in the laser 
induced instabilities and structural transitions £5 , 4 . ?0 , 3»1 3 . 
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Interestingly, some of the amorphous semiconductors [31,793 and 
chalcogenide glasses [30,803 show quas i -per i odi c temporal 

oscillations in their optical properties. The periods of the 
oscillations have been found to depend on the laser intensity, 
frequency and irradiation time [793. But there are no controlled 
experiments which may reveal the regular temporal patterns in 
these materials. Present thesis reports (for the first time) on 
the observation of "period doubling" like oscillatory 
instabilities as a function of irradiation time near the SPT in 
CsNCS crystal . 

1.6 Univalent Thiocyanates 

There has been a great interest [1,2,3,81,823 in 

or i entat i onal 1 y disordered ionic (or molecular) solids which 

occupy an unique intermediate position between crystalline and 

amorphous materials. The thiocyanates MNCS (where M = Na. K. Rb. 

Cs , T1 and NH^) are ionic crystals consisting of univalent cations 

and rod shaped anions. These substances are of interest because 

of their simpler structures at room temperature and order-disorder 

type SPTs at higher temperatures in which some of them adopt one 

of the alkali halide structures through orientational disorder of 

anions. In other words, anions order with a definite orientation 

below T and become uncorrelated above T^ . Because of their 
c c 

different orientations from cell to cell, the translational 
symmetry is destroyed. The wave vector k need no longer be 
conserved in the light scattering process and phonons of any k in 
Brillouin zone that feel the disorder can contribute to the Raman 



31 


spectrum. Moreover, the random distribution of orientations leads 
to the random modulation of crystal polarizability [683. Thus, 
Raman line shapes are very sensitive to the orientational 
di sorder . 

The order-disorder SPTs in MNCs systems have been 
studied earlier using adiabetic calorimetry [853, DTA [84,853, DSC 
[843, X-ray diffraction [86-943, neutron diffraction [95,963, 
infrared spectroscopy [85.97,983, Raman spectroscopy [98-1013 and 
NQR spectroscopy [1023 on one or more of these compounds. So far. 
Raman & IR spectroscopic studies of SPTs have been reported only 
for KNCS and NH^NCS systems. In the present work, a detailed 
vibrational (Raman & IR) spectroscopic investigation of SPTs in 
CsNCS , RbNCS and TINCS has been carried out, for the first time. 
The main objectives of these studies have been a search for 
microscopic order parameters like soft or hard modes and other 
spectral manifestations of order-disorder SPTs with an .eventual 
aim of attaining a clear understanding of the microscopic 
mechanisms governing the SPTs and their universality aspects. 
Quantities like activation energies (U) for the re-orientational 
motion of NCS ions and universal exponents, e.g., order parameter 
exponent (/9> and correlation length exponent <v) have been 
extracted from the experimental data. The most interesting and 
novel aspect is the observation of laser induced temporal 
oscillations and cascade of period doublings as a function of 
laser irradiation time, near the SPT in CsNCS crystal. 



32 


references 


[13 K.A. Milller and H. Thomas <eds.), "Structural Phase 

Transitions I" < Spr i nger-Ver lag , Berlin, 1981). 

[23 Z. Iqbal and F.J. Owens <eds.>, "Vibrational 

Spectroscopy of Phase Transitions" (Academic press, 
Orlando. 1984) . 

# 

[53 S.M. Arakelian and Yu. S. Chi 1 ingar ian . "Nonlinear 

Optics of Liquid Crystals" (Nauka, Moscow, 1984). 

[43 P.C. Taylor, in "Laser Spectroscopy of Solids II", (ed.) 

W.M. Yen (Spr inger-Verlag, Berlin. 1989). p. 274. 

[53 R. Blinc and B. Zeks, "Soft Modes in Ferroe 1 ectr i cs and 

Ant i f erroe 1 ectr i cs" (North-Ho 1 land , Amsterdam, 1974). 

[63 H.E. Stanley, "Introduction to Phase Transitions and 

Critical Phenomena" (Oxford Univ. press, London, 1971). 

[73 M. Ausloos and R.J. Elliott. "Magnetic Phase 

Transitions" (Springer-Verlag, Berlin. 1985). 

[83 K. Watanabe , H. Yamane, H. Kurosawa, T. Hirai, N. 

Kobayashi, H. Iwasaki, K. Noto and Y. Muto, App . Phys. 
Lett. 54. 575 (1989). 

[93 J.S. Walker and C.A. Vause, Sci . Am. 256(5). 98 (1987). 

[103 H, Haken, "Synergetics" (Springer-Verlag. Berlin. 1977). 

[113 H. Haken. "Advanced Synergetics: (Springer-Verlag. 

Berlin. 1985). 

[123 P. Cvitanovic. "Universality in Chaos" (Hilger, Bristol. 

1984) . 

[153 I. Procaccia. Nature. 555(6174) 618 (1988). 

[143 W. Hayes and R. Loudon, "Scattering of Light by 

Crystals" (John Wiley, New York, 1978) p. 202. 

[15] L.P. Kadanoff. Physics 2. 265 (1966). 

[163 K.G. Wilson, Sci. Am. 241. 158 (1979). 

[173 M.E. Fisher. Rep. Prog. Phys. 50, 615 (1967). 

[183 L.P. Kadanoff, in "Critical Phenomena", proc. Int. Sch. 

Phys. "Enrico Fermi", Varenna, Italy (1970). 


[193 


S.K. Ma. "Modern Theory of Critical Phenomena" 

(Benjamin. New York, 1976). 



33 


[203 K.G. Wilson, Rev. Mod. Phys. 55(3). 583 (1983). 

[213 P . Cv i tanov i c , in "Optical Instabilities", (eds.) R.W. 

Boyd, M.G. Raymer and L.M. Narducci (Cambridge Univ. 
press, England, 1986) p. 151. 

[223 R- Jullien. L. Peliti, R. Rammal and N. Boccaro (eds.), 

"Universalities in Condensed Matter" ( Spr i nger-Ver lag . 
Berlin. 1988). 

[233 C. Tang and P. Bak . Phys. Rev. Lett. 60(23), 2347 

(1988) . 

[243 J.F. Scott, in "Frontier of Nonequilibrium Statistical 

Physics" (eds.), G.T. Moore and M.O. Scully, NATO ASI 
Series B135 (Plenum, New York, 1986) p. 465. 

[253 A.E. Alexenko, V.S. Gorelik, B.V. Spitzin and T.F. 

Faizullov, proc. ICORS XI, (eds.), R.J.H. Clark and O.A. 
Long (John Wiley. Chichester. 1988) p. 209. 

[263 K.A. Muller and E. Pytte, IBM. 3. Res. Develop. 25(5), 

811 (1981). 

[273 F.B. Saeva (ed.). "Liquid Crystals - The Fourth State of 

Matter", (Dekker, New York, 1979) 

[283 M.B. Salamon (ed.), "Physics of Superionic Conductors" 

(Springer, Berlin, 1979). 

[293 M.3. Buerger, in "Phase Transitions in Solids" (eds.), 

R. Smo 1 uchowsk i , 3.E. Mayer and W.A. Weyl (John Wiley, 
New York. 1951) p. 155. 

[303 I. Abdulhalim, R. Beserman and R. Weil, Phys. Rev. B 

39(2), 1081 (1989) and references therein. 

[513 J. Hajto and I. Janossy, Phil. Mag. B 47<4>. 547 (1982). 

[523 F. Diedrich, E. Peik, J.M. Chen. W. Quint and H. 

Walther, Phys. Rev. Lett. 59, 2951 (1987). 

[353 S, Gilbert, J. Bollinger and D. Wineland, Phys. Rev. 

Lett. 60. 2022 (1988). 

[543 O.G. Vlokh, B.V. Kaminskii, I . I .Polovinko and S.S. 

Sveleba, Sov . Phys. Solid st. 29(5), 880 (1987). 

[553 J.F. Scott, in "Frontiers of Nonequilibrium Statistical 

Physics" (eds.), G.T. Moore and M.O. Scully, NATO ASI 
B155 (Plenum press. New York. 1986). p. 473 and 
references therein. 



34 


[363 

[^73 

C383 

C393 

[403 

[41 3 

[423 

[433 

[443 

[453 

[463 

[473 

[483 

[493 

[503 

[513 

[523 


V.L. Ginzberg. Sov . Phys. Solid St. 2. 1824 (1960). 

C.V. Raman and K.S. Krishnan, Nature, 121, 501 (1928). 

C.V. Raman. Indian 3. Phys. 2. 387 (1928). 

G. Landsberg and L. Mandelstam. Naturwiss 16. 557 

(1928) . 


J. G. Grasselli. M.K. Snavely and B.3. Bukin, Phys. Rep. 
65, 231 <1980). 

S.B. Banerjee and S.S. Jha (eds.), "Recent Trends in 
Raman spectroscopy” (World Scientific, Singapore, 1989). 

G. Herzberg, "Molecular Spectra and Molecular 
Structure", vol.II (Van Nostrand, Princeton, New Jersy, 
1945) . 

K. Nakamoto, "Infrared and Raman spectra of Inorganic 
and Co-ordinated Compounds" (John Wiley, New York, 
1978) . 

J, Petzelt and V, Dvorak, in "Vibrational spectroscopy 
of phase transitions", (eds.), Z. Iqbal and F.J. Owens 
(Academic press. Olando, 1984). pp 56-151. 

G. Turrell, "Infrared and Raman Spectra of Crystals" 
(Academic press, London. 1972). 

S. Bhagavantam and K.Venkatarayudu, "Theory of Groups 
and its Applications to Physical Problems" (Academic 
press, London, 1969). 

J.R. Ferraro and J.S. Ziomek, "Introductory Group Theory 
and its Applications to Molecular Structures" (Plenum 
press. New York, 1975). 

P.M.A. Sherwood, "Vibrational Spectroscopy of Solids" 
(Cambridge Univ. Press. London, 1972). 

G. Herzberg, "Spectra of Diatomic Molecules" (Van 
Nostrand, New York, 1950). 

S. Krimm, in "Infrared Spectroscopy and Molecular 
Structure", <ed.) M. Davies (Elsevier, Amsterdam, 1963). 

R.C. Herman and K.E. Shuler. J. Chem. Phys. 22, 481 

(1954) . 

A.K. Sood, A.K. Arora, V. Umadevi and G. Venkataraman, 
Pramana, 16. 1 (1981). 



35 


[533 T. Sakurai and T. Sato. Phys. Rev. B4 . 583. 1971. 

[543 C.V. Raman and T.M.K. Nedungadi, Nature, 145. 147 

(1940) . 


[553 W. Cochran. Phys. Rev. Lett. 3, 412 (1959). 

[563 V.L. Ginzburg and A.P. Levanyuk, 3ETP. 39, 192 <1960). 

[573 3.f. Scott. Rev. Mod. Phys. 46, 83 (1974). 

[583 R.A. Cowley, in "Raman Spectroscoy Sixty Years on", 

voi.l7A. (eds.), H.D. Bist, 3.R. Durig and J.F. Sulivan 
(Elsevier, Amsterdam, Netherlands, 1989). 

[593 R. Brout , K.A. Mdller and H. Thomas, Solid St. Common. 

4. 507 (1966). 

[601 D.V. Kovalev. "Irreducible Representations of Space 

Groups" (Gordon and Breach. New York. 1965). 

[613 3. Petzelt and V. Dvorak. J. Phys. C: Solid St. Phys.. 

9. 1571 (1976). 

[623 A.D. Bruce. W. Taylor and A,F. Murray, 3. Phys. C; Solid 

St. Phys. . 13. 483 (1980) . 

[631 A.L. Verma, in "Raman Spectroscopy Sixty Years on", 

V 01 . 17 A, (eds.) H.D. Bist. 3.R. Durig and 3.F. Sullivano 
(Elsevier, Amsterdam, Netherlands, 1989). 

C643 A. Ben Reuven, in "Advances in Atomic and Molecular 

Physics", vol.5, (eds.), D.R. Bates and I, Emstermann 
(Academic press. New York, 1969). 

[651 F.3. Bartoli and T.A. Litvovitz, 3. Chem. Phys., 56(1). 

404 (1972). 

C661 P. da R. Andrade. A.D. Prasad Rao, R.S. Katiyar and 

5. P.S. Porto, Solid St. Commun., 12, 847 (1973). 

C67] Y. Cho, M. Kobayashi and H. Tado Koro, 3. Chem. Phys. 

84(8), 4643 (1986). 

C681 3.P. Lemaistre. R. Ouillon, B. Perrin and P. Ranson, in 

"Dynamical Processes in Condensed Molecular Systems", 
(eds.) 3. Klafter. 3. 3ortner and A. Blumen (World 
Scientific, Singapore. 1989). 

£693 D.A. Bruce and W.G. Stirling. 3. Phys. C: Solid St. 

Phys. 16, 841 (1963). 


36 


[703 L.D. Landau and E.M. Lifshitz, ’’Statistical Physics", 

Part I. (Pergamon. Oxford. 1980). 

[713 V.L. Ginzburg, A.P. Levanyuk and A. A. Sobyanin, Phys. 

Rep. 57<3>. 151 (1980). 

[723 J.C. Toledano and P, Toledano, The Landau Theory of 

Phase Transitions" (World Scientific. Singapore. 1987). 

[7>3 V.L. Ginzburg. A.P. Levanyuk and A. A. Sobyanin, 

Ferroelectrics, 75, 171 (1987). 

[743 J.B. Sokoioff. Phys, Rev. B5, 4962 (1972). 

[753 W. Dultz. 3 . Chem. Phys. 65<7>. 2812 (1976). 

[763 K.A. Nelson, in "Raman Spectroscopy Sixty Years on", 

V01.17B, (eds.) H.D. Bist, 3.R. Durig and J.F. Sullivan 
(Elsevier, Amsterdam, Netherland, 1989) p. 85. 

[773 3. Jefferies. Phys. Lett. A90(6>, 516 (1982). 

[783 3.Y. Huang and J.J. Kim, Phys. Rev. B54(ll), 8122 

(1986) . 

[793 I. Abdulhalim, R. Beserman, Y.L. Khait and R. Weil. App. 

Phys. Lett. 51(25), 1898 (1987). 

[803 I. Abdulhalim, R. Beserman and R. Weil, Phys. Rev. B (to 

be published). 

[813 J.N. Sherwood (ed.), "The Plastically Crystalline State" 

(John Wiley, New York, 1979). 

[823 J. Ortiz-Lopez and F. Luty, Phys. Rev. B57(10). 5452 

(1988) . 

[853 Y. Kinsho, N. Onodera, M. Sakiyama and S. Seki, Bull. 

Chem. Soc. Jpn. 52. 595 (1979). 

[843 W. Klement Jr. and C.W.F.T. Pistorious, , Bull. Chem. 

Soc. Jpn. 49. 2148 (1976). 

[853 M. Sakiyama. H. Suga and S. Seki, Bull. Chem. Soc. Jpn., 

56, 1025 (1965). 

[863 W. Bussem. P. Gunther and R. Tubin, Z. Phys. Chem. B24. 

1 (1954). 

[873 S. Manolatos, M. Tillinger and B. Post. J. Solid State 

Chem. 7. 51 (1975). 



37 


[883 

[893 

[903 

[913 

[923 

[9?3 

[943 

[953 

[963 

[973 

[983 

[993 

[1003 

[1013 

[1023 



Y. Yamada and T. Wantabe . Bull. Chem. Soc. Jpn . 56. 1052 
(1965) . 

C. Akers, S.W. Peterson and R.D. Willett, Acta. 
Crystallogr. B24, 1125 (1968). 

J.W. Bats, P. Coppens and A. Kvick, Acta. Crystallogr. 
B55. 1554 (1977). 

3.W. Bats and P. Coppens, Acta Crystallogr. B55 , 1542 

(1977) . 

R. Lippman and R. Rudman, J. Chem. Phys. 79(7), 5457 

(1985) . 

S. Yamamoto. M. Sakuno and Y. Shinnaka, J. Phys. Soc. 
Jpn. 56(7), 2604 (1987). 

S. Yamamoto, M. Sakuno and Y. Shinnaka, 3. Phys. Soc. 
3pn. 56(12). 4595 (1987). 

M.A. Irving. M.M. Elcombe and T.F. Smith, Aust. 3. Phys. 
58. 85 (1985). 

B.K. Moss, S.L, Mair, C.J, Me intyre and R.K. Memuilan, 
Acta. Crystallogr. B45, 16 (1987). 

A. Tramer, 3. Chem. Phys. 59. 252 (1962). 

Z. Iqbal. L.H. Sarma and K.D. Moller, 3. Chem,- Phys. 57, 
4728 (1972). 

S. V. Karpov. A.V. Khassan A1 i and A. A. Shultin, Sov . 
Phys. Solid St. 24. 59 (1982). 

H. Kanamori , H. Okamoto and K. Urabe . 3. Phys. Chem. 

Solids. 42. 197 (1981). 

G.D. Tewari, D.P. Khandelwal and H.D. Bist, 3. Chem. 
Phys. 82(2), 5624 (1985). 

T. Asaji. R- Ikedd and D. Nakamura. 3. Magn. Reson. 51. 
457 (1978). 


38 


Tsibl« 

1.1 Partial list of phase transforming systems and the order 
parameters Ctj) associated with them. 


Cal Equilibrium Phase Transitions x 


Phase transforming system 

Fluid near 
critical point 

Ferromagnet 

Ferroelectric 

Antiferroelectric 

Superconductor 

Superfluid 

Mixture of liquids 
near consolute point 

Crystal near structural 
phase transition 


Order parameter 

Density difference 
between phases 

Magnetization 

Lattice polarization 

Sub lattice polarization 

complex gap parameter 

Condensate wave function 

Concentration difference 

Normal co-ordinate of 
soft mode 


39 


Cb!) Non equilibrium Phase 

Transitions t 

Phase transforming system 

Order parameter 

Laser near the threshold 

Electric (optical) 
field strength 

Chemical <or Bio-chemical) 
reaction near an instability 
po i nt 

Concentration of 
molecules (which may 
depend on space and 
time) 

Tunnel diode near an 

instability point 

The number of 
electrons represent- 
ing the capacitance, 
charge on the tunnel 
diode 

t Taken from CIO] 


Table 1.2 t 

Critical exponents 
models ^ I 21 

calculated 

from four 

theoretical 




Lattice d = 5 





Ising 

XY 

Heisenberg 

Property 

Exponent 

Mean field 
(any d) 

(n =1) 

<n = 2) 

(n=3) 

Order 

parameter 

ft 

0.5 

0.325 

0.346 

0.365 

Sucept ibi 1 i ty 

r 

1.0 

1.240 

1.316 

1.387 

Specific heat 

a 

0 

0.110 

-0.007 

-0.115 

Correlation 

length 


0.5 

0.630 

0.669 

0.705 


t d and n correspond to the dimensionality of the lattice and 
orderparameter . respectively. 




CHAPTER 2 


EXPERIMENTAL 

Ahs t rac t 

This chapter briefly summarizes the various experimental 
techniques used for the present work, sample preparation methods 
and factors affecting the spectra of samples under study. In 
addition to the brief description of apparatus, emphasis is given 
on the preventive maintenance and methods employed for better data 


acqu i s i t i on . 


2.1 Sample Preparation 


A1 


Extra pure MNCS <M = Na, Rb, Cs and Tl) and Sg samples 
used for the present studies were obtained from K&K laboratories 
(USA). All the samples were further purified by recrystallizing 
twice or thrice from saturated aqueous solutions. Every time good 
quality crystals were taken out. dissolved in fresh double 
distilled water and again kept for recrystallization. Transparent 
single crystals with well developed planes were obtained by slow 
evaporation of saturated aqueous solutions kept, at constant 
temperature and dry atmospheric conditions. These single crystals 
were cut along their crystal axes with the help of low speed 
diamond wheel saw crystal cutter <SBT:650>. Properly polished 
crystals (or finely ground polycrystalline samples) were used for 
room temperature (RT) and temperature dependent spectral studies. 
In some possible cases, single crystals were thinned down to 
microplatelets and used for IR (Infrared) transmission 
measurements. Since some of these samples are very hygroscopic, 
they were always kept in dry condition. The humidity of the room 
was maintained below 45% while polishing, cutting, mounting the 
crystals and recording their spectra. 

2. 2 Laser Raman Spectrometer 

The general layout of the equipment used for recording 
the Raman spectra is shown in Figure 2.1. Spectra physics Argon 
ion laser was used to excite the sample and a Spex Ramalog system 
consisting of a lasermate, a UVISIR sample compartment, a 140? 
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double monochromator, a thermoe 1 ectr i cal 1 y chilled photomultiplier 
(c-31034) and a photon counting system in conjunction with a 
compudrive and a linear chart recorder provided an automatic 
recording of the spectra. 

2.2.1 Excilaiion Source 

The optical source has two main parts namely, model 165 
laser head and 265 exciter. The laser head contains a plasma tube 
(closed at both ends by Brewster's angle windows), a solenoid and 
an optical resonator formed by a spherical reflector at the output 
end and a prism (to select wavelengths) assisted by a flat mirror 
at the back end. The operating wavelengths and power ratings are 
given elsewhere C13. The 265 exciter contains all the necessary 
electronic circuits to create and control the ion discharge in the 
plasma tube; to control the output power; and to supply and 
regulate the solenoid current. A constant output power can be 
obtained by operating the laser in light control (L.C.)mode. 
While operating in this L.C. mode, of the beam will be splitt 
from the beam splitter and sensed by the light stabilizer, which 
in conjunction with the plasma current regulator controls the tube 
current, so that the output intensity always remains constant. 
The necessary cooling of laser head and 265 exciter is achieved by 
Neslab HX-500 recirculating (distilled water) heat exchanger. An 
automatic voltage stabilizer EMS-10, 20 KVA provides the 
stabilized ? phase (400V. phase to phase) A.C. power to the laser 
transformer and single phase 220V to all other electronic systems 
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and cryostats. More details of the equipment can be found 
e 1 sewhere Cl ,21. 

2.2.2 Preventive Maintenance 

Generally, gas lasers operate with gain margins of a few 
percent, so the losses due to any minute dust particle on optical 
(mirrors, windows etc.) surfaces and slow diffusion of 
contaminants which are negligible in ordinary optical systems can 
easily prevent these lasers from operating at all. This places a 
great demand on the periodic (atleast once in three months at the 
places like Kanpur) cleaning of all the optical components to 
maintain optimum laser performance. Periodic cleaning of all 
other optical components in the sample compartment and other 
accessories is also a must. 

Similarly periodic cleaning of water filter systems, all 
water flowing tubes in and around the chiller plant and 
replacement of the distilled water are also very essential. 
Although pure double distilled water was used in the continuous 
flow recirculating chiller plant, yet after a long run (a year or 
so) all the filters narrow passage ways around the plasma tube and 
some of the interlocking flow switches can be blocked by small 
particulate matter (due to dust, corrosion, scale deposition etc). 
If these factors were ignored, in day to day working an apparent 
reduction in the cooling efficiency of the chiller plant can be 
felt. To compensate it if one (unknowingly) increases the inlet 
water flow rate, then the water flowing tubes (around the plasnr^ 
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tubs, insid© and outer sides of the 265 exciter) may blast or some 
cracks may develop due to high pressure created by the partial 
blocking at narrow passage ways. To prevent these hazards regular 
cleaning of complete water cooling system and replacement of fresh 
distilled water inside the chiller plant were done periodically 
once in a year or so. 

2. 2. 3 Experimental Setup 

As illustrated in the optical line diagram (Figure 2.2), 
a linearly polarized light from an Ar^ laser enters the lasermate 
via 90° beam deflector. Lasermate being a mini monochromator, 
eliminates the unwanted plasma lines from the beam. The beam is 
then focussed onto the sample vertically from below. The typical 
diameter of the focussed spot is around 50 lum and the power at the 
sample reduces to sx 1/5 of the initial laser power. The scattered 
light from the sample is collected (in an usual 90° geometry) and 
focussed onto the entrance slit <2^) of the double monochromator 
by an elliptical mirror Mg in combination with a plane mirror Mg. 
After passing through the double monochromator, the dispersed 
light falls on C-51054 GaAs photomultiplier tube (PMT> for 
detect i on . 

The PMT has a broad plateau in the quantum efficiency 
curve in the visible region as shown in Figure 2.5 (inset) An 
extremely small dark count a* 50 counts/sec can be achieved by 
operating the PMT at -50°C. It takes nearly 90 minutes to attain 
that temperature by thermo-electric cooling. The decrease in the 
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dark count as a function of cooling time is given in Figure 2.3. 
The PMT converts the optical signal to a proportionate electrical 
signal then digitalized and fed to DPC*2 electronics system for 
analysis. The output is recorded on a linear recorder. Compudrive 
runs the chart in synchronism with monochromator gratings. 

The standard lines of low pressure Hg^ lamp were used to 

calibrate the wavenumber. The maximum spectral purity 

stray light reduction); resolution; wavenumber accuracy and 

* 1 4 

repeatability achievable with 1403 double monochromator are 10 
at v>=20 cm~^ (at 5148 A°> : 0.15 cm“^ (FWHM at Mg'*" 5791 A°> ; + 1 

over 10000 cm and ± 0.2 qm respectively. The more detailed 
description of the apparatus is given elsewhere [53. 

Different sample holders attached to a high precision 
three way moving platform can be nicely accommodated in the sample 
compartment. The line diagrams of different cell holders used for 
high temperature Raman studies are given in Figure 2.4. All the 
details can be found elsewhere [43. 

2.2.4 Polarization Studies 

For room temperature (or high temperature) polarization 
studies properly cut and polished single crystal was mounted on a 
Goniometer head (or high temperature cell holder) in such a way 
that one of the crystal axes coincides with the propagation vector 
of the incident beam. The light scattered in the 90° geometry 
passes through an analyser (a plane polarizer placed before the 
elliptical mirror Mg) and the resultant plane polarized light will 
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be converted into circularly polarized light by a polarization 
scrambler placed before the entrance slit S^. The plane of 
polarization of the incident light can be altered by 90° by 
keeping a polarization rotator before the lasermate. 

The laboratory co-ordinate system was chosen such that 
X, y and z axes coincide with the crystal axes, a, b and c, 
respectively. A polarized spectrum corresponding to a 
polarizability tensor component can be determined 
experimentally by arranging the crystal geometry in such a way 
that the incident light is polarized in x-(or a) direction and 
allowing only the y-component to enter the monochromator. The 
polarizability character of the spectrum in that geometry is 
represented by z<xy)x. where z and x outside the parenthesis 
correspond to the propagation axes of incident and scattered 
light, respectively. 

2.2.5 Recording Conditions 

To get a good spectrum in a reasonable time compromise 
between various combinations of sensitivity, integration time, 
chart scale, chart (or monochromator) scanning speeds etc. has to 
be made. Selection of proper slit widths, optimum powers and good 
alignment greatly improves the resolution and spectral quality 
(i.e. high S/N> . Figure 2.5 shows the Raman spectrum of TINCS 
powder in the NCS bending region. The spectrum was recorded with 
very low power is* 6 mw and slit width sx 1.6 cm One can see the 
clear resolution of the weaker and closely spaced modes around 
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456, 460 and 465 cm . One may get a spectrum without much 
trouble using large powers and slitwidths. But it is very 
essential to use low powers, (especially for temperature dependent 
studies of solids and coloured samples), to minimize local laser 
heating effects at the irradiated spot. On the other hand. one 
wants to put lower slitwidths to reduce the instrumental slitwidth 
contribution to the bandwidths of Raman modes. Instrumental 
broadening can be eliminated by recording the spectra at smaller 
and smaller slitwidths until no change is observed in the band 
profile. In the present studies low powers and minimum 
slitwidths have been used as far as possible; good spectral 
regions (i.e. high S/N> with well resolved bands (obtained after 
proper alignment), were monitored to investigate SPTs and other 
local changes occurring in the crystals. 

2. 3 Infrared Spectrometer 

Perkin Elmer model 580 double beam ratio recording 
infrared (IR) spectrophotometer was used for recording the IR 
spectra of all the samples under investigation. The simplified 
block diagram of the apparatus is given in Figure 2.6. Broad band 
IR radiation from the source (ceramic tube heated to at 1200°C) is 
divided into reference and sample beams by the action of the first 
chopper mirror Cj . The sample absorbs radiation from the sample 
beam of wavenumber corresponding to its characteristic 
vibrational frequencies; whilst the reference beam passes through 
unaffected. The beams are then recombined at the second 


chopper 


A8 

and enters into the monochromator. Then the dispersed light is 
focussed onto the thermocouple (gold leaf) detector. The incident 
radiation is strongly absorbed by the gold leaf and an increase of 
leaf temperature occurs. This produces a thermoelectric voltage 
proportional to the incident intensity. The alternating signal 
from the detector is amplified and then demodulated by the signal 
processing electronics to give separate sample and reference beam 
signals. The ratiometer produces the ratio of the two signals 
which corresponds to» the transmittance value of the sample. The 
ratio signal is then filtered to reduce the noise level. Base 
line adjustment, off-setting and scaling operations are performed 
on the signal in the ordinate functions unit. After further 
amplification this signal is supplied to the recorder. The 
wavenumber scan motor drives both the recorder and the grating 
monochromator scan mechanisms in synchronism. In addition to the 
transmittance mode the spectra can be recorded in absorbance mode 
also. The detailed optical diagram is shown in Figure 2.7. More 
detailed description of the apparatus is given elsewhere C53, All 
the recorded IR spectra were calibrated with the standard spectrum 
of polystyrene film. 

2.3.1 Factors Affecting IR Transmission Spectra 

IR transmission measurements on transparent single 
crystal platelets are more useful and accurate in phase transition 
studies as compared to the bulk reflectivity measurements because 
they are much more sensitive to changes in the optical constants 
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[6]. But it is not always possible to prepare thin transparent 
single crystal platelets. For CsNCS sample, a thin transparent 
platelet was prepared and its temperature dependent IR 
transmission measurements were performed. For all other systems, 
the powdered samples were mixed with KBr (or CsBr) matrices and 
then the finely ground mixture was pressed into transparent 
pellets. Since, there are several factors (like particle size, 
refractive index of the matrix, adsorption, chemical reaction and 
mixed crystal formation etc.) affecting the sample spectra C7,8!l ♦ 

in the pellet method, care had been taken in the interpretation 
and quantitative analysis of the data. The possibilities like 
adsorption, chemical reaction and mixed crystal formations have 
been ruled out by comparing the pellet spectra with the sample 
spectra recorded with Nujol mull technique. Significant losses 
were found due to scattering which depends on the particle size, 
refractive index and wavelength. When the particle sizes (in a 
transparent pellet) are sufficiently large there will be strong 
reflections (i.e. pellet will be opaque) in the shorter wavelength 
region and a little scattering (i.e. higher transmission) in the 
longer wavelength region. On the other hand. if the particle 
sizes are comparable to the wavelengths of the radiation, the 
rapid changes in the refractive index of a substance in the 
vicinity of a few absorption bands often give rise to the famous 
Christiansen effect [9.10]. This characteristic effect, resulting 
in a asymmetry of the IR absorption bands, with high transmittance 
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on the shorter wavelength side of C-N stretching modes has been 

observed for the present thiocyanate systems. But all these 

effects can be eliminated by properly grinding the particles to an 

average size less than the lowest wavelength <X , ) being 

mi n 

employed. Figure 2.8 shows how a large asymmetry in the shape of 
*^C-N e.g. TINCS sample) for larger particle sizes 

{Figure 2.8<a>> has been gradually eliminated {Figure 2.8<b) and 
(c)} by grinding the sample particles to smaller and smaller 
sizes. Finally, for an extremely smaller enough grain sizes the 
anomalous transmittance on the high frequency side of mode 

completely disappeared {Figure 2.8(d)}. 

2.3.2 Tender at. ure Dependent IR Studies 

For IR temperature dependent studies a thin single 
crystal platelet (or a transparent pellet) of the sample was 
mounted on a special sample holder (metallic strip with a circular 
hole at the centre) and fixed into the pellet holder of the Specac 
variable temperature cell. The Specac cell in conjunction with a 
temperature controller and copper-constantan thermocouple were 
used to vary, control, and measure the sample temperatures with an 
accuracy of + 1°K. 

2.3.3. Variable Temperature Cell 

The line diagram of the Specac variable temperature cell 
is shown in Figure 2.9. It works on a dewar principle utilising a 
vacuum pressure of 0.9mm Hg. As illustrated in the figure the 
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sample cell holder is fitted directly to the base of the stainless 
steel refrigerant chamber. Facilities for vacuum pump connection 
and electrical leads are arranged on the top plate. The sample 
holder is fitted with heaters which enable to raise the 
temperature of the sample from 83°K to 523°K. The temperature 
83°K is obtained from a refrigerant (Liquid Nitrogen). A small 
hole drilled into the metal block of the sample holder 
accommodates the junction end of a thermocouple. Further details 
are given in C 1 1 3 . 
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Figure 2.1: 


The 


general block diagram 


of the laser Raman 


spectrophotometer and other accessories. 



P:Prism; A: Aperture; M1-M3,M5,M9,M15.M16:Plane Mirrors; M4,M6,M7,M10-M1<: Concave Mirrors; 
M8:Ellipticol Collector Mirror; S1-S7:Slits; G1-G3*- Gratings; LI: Fused Silica Condenser Lens; S'- 
Sample; L2, L3 : Optical Filter; PMT : Photomultiplier Tube. 

Figure 2.2: The detailed optical diagram of the excitation 

source, lasermate, collecting optics and the double monochromator. 
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Figure 2.5: Raman spectrum of TINCS powder in the NCS bend. 


mode region. Power employed for the excitation was 6 mw (514.5 i 
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and the slitvidth ^ 1*6 cm 
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Figure 2.6: Simplified block diagram of the equipment used for 

recording IR spectra. 



S:Source; M1,M2.M4.M7,M'7.M8,M'8,M11-M13:Toroid Mirrors;M5,M10:Chopper Mirrors-, M3, M6,M'6,M9, 
M'9,MU,M15,M17, M19; Ref lection and Scatter Grating Surface Mirrors; M 16: Paraboloid Mirror;M20: 

Elipsoid Mirror; G-A.G-B-'Grating Tables;SI*l:Baffle ond Secondary Source iSI-2'- Pupil Baffle: SI-3 •• 

Entrance Slit; Sl-4:Exit Slit, POL: Polarizer Accessory; F .-Optical FiIter;D:Detector:SBS:Sample Beam 
Shutter; SB:Somple Beam; SA: Sample Area;RB:Reference Beam. 

Figure 2.7; The detailed optical diagram, of the infrared 


spectrophotometer . 





57 



2400 2000 1800 
WAVENUMBER (ctff') 


Figure 2.8: The IR transmittance spectra of TINCS powder in the 


C-N stretching region for different particle sizii . 

Asymmetry in the '•’c-pj modes for (a) larger, (b) and (c) 
intermediate particle sizes; and no asymmetry for (d) very sn.all 


particle (<X . ) sizes of TINCS powder can be seen, 
xni n 
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CHAPTER 3 


VIBRATIONAL STUDIES OF THE STRUCTURAL PHASE TRANSITKW 

IN CAESIUM THIOCYANATE 


Abstract 

The room- temperature Raman and infrared (IR> spectra of 

Caesium thiocyanate (CsNCS) and the temperature (T) dependence (in 

the 299-475°K range) of various thermo-sensitive bands are 

presented. On the basis of these detailed experimental studies 

the orthorhombic to cubic transition in CsNCS at at 470 K has 

been spectroscopically characterised as an order-disorder 

transition and to be first order in nature. Typical changes in 

the integrated intensity O'f the ~ 2042 cm ^ mode in the 

Raman spectra below are represented as ' , with 

an order-parameter exponent ft ^ 0.55. These results are discussed 

in the context of a theory developed by Bruce et al to describe 

the Raman activity of hard modes near a structural phase 

transition. A remarkably consistent value of as 0.55 ± 0.02 is 

obtained by expressing the squares of the frequency shifts of the 

NCS librational mode in the temperature range 500-455 K in terms 

of (v^ - Vq) « |T - where Vq = = 125 cm ^ and is 

the frequency of the in-plane librational mode. The anomalous 

increase in the band widths of many modes in the IR and Raman 

spectra closer to T may be attributed to increased 

c 

anharmoni cities as precursor effects to the transition. Above T^ 
the Raman spectrum due to the external modes is replaced by a 
broad-band spectrum and the fine structure 4 external modes) 
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in the region of the IR spectrum is smeared off. These 

results have been related to the loss of translational invariance 
and the emergence of dynamic disorder (near >as both ions (Cs"*^. 
NCS~> are in motion. 


Publications based on the material contained in this chapter are 
the following: 

CA3 S. Sathaiah, V.N. Sarin and H.D. Bist, proc. solid st. phys. 
symp. India, 50 (A), 554 (1987). 

CB3 S. Sathaiah, V.N. Sarin and H.D. Bist, 3. phys. condens. 
Matter 1. 7829-7841 (1989). 
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3.1 IntroduBction 

Structural phase transitions (SPT> in crystals between 
high-symmetry (disordered) and low-symmetry (ordered) phases have 
attracted the attention of both experimentalists and theoreticians 
for many years Cl]. Raman, infrared (IR) and other vibrational 
spectroscopic studies provide deeper insight into the microscopic 
origin of the SPT. 

In the Raman technique, light is scattered by 

fluctuations in the dielectric tensor of a material. Fluctuations 

of certain physical quantities are coupled to the fluctuations in 

the dielectric tensor? near phase transitions the fluctuations of 

some of these quantities are enhanced. This makes Raman 

scattering an important tool for the study of SPT, especially 

orientational order-disorder type transitions in ionic crystals 

C2]. In these substances ions order with a definite orientation 

below the transition temperature become uncorrelated 

above T . Because of their different orientations from cell to 
c 

cell, the translational symmetry of the crystal is destroyed. The 
wavevector k need no longer be conserved in a light scattering 
process and phonons of any k that feel the disorder can contribute 
to the light scattering spectrum. In undergoing this 

order-disorder transition the crystal may change its structure. 
Caesium thiocyanate (CsNCS) is a typical ionic crystal that 
consists of spherical cations and rod shaped anions. In this 
chapter, the temperature dependence of Raman and IR spectra (in 
the 500 to 475^K range) and spectroscopic characterisation of the 
order*“di sorder SPT in CsNCS are reported for the first time. 


3. 2 Crystal Structure 
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At room temperature'CsNCS has an ordered orthorhombic 

structure with space group (Pnrna). The primitive cell 

contains four formula units <i.e. 2 = 4) and the lattice 

parameters are a = 7.978 8. b = 6.532 8 and c = 8.332 8. The 

structure is layered along the b axis. In each unit cell two NCS” 

ions lie on planes perpendicular to the b axis at y = 1/4 

and y = 3/4; both cations and anions occupying sites of 

symmetry. The adjacent thiocyanate ions in the same layer are 

^ o 

almost perpendicular to one another (Figure 3.1>. ^Between 470 K 
and the melting point (ot 480°K> CsNCS crystallises in a cubic 
structure similar to CsCl , with lattice constant a^= 4.83 8, z = 1 
and space group <Pm3m> . Because of its existence in the very 
narrow temperature region (at 10°K>, detailed dynamic information 
about the cubic phase is slightly difficult to acquire. X-ray, 
differential scanning calorimetry, differential thermal analysis 
and neutron diffraction studies identified the transition to be of 
order-disorder type and it has been characterised as first order 
on the basis of discontinuous changes in the volume and the latent 
heat of transformation C3-6]. Several room-temperature studies of 
vibrational spectra and lattice dynamics have been reported 
t7-133. 

3* 3 Expert mental Details 

The CsNCS sample used for the present studies was an 
extra-pure sample from K and K Laboratories and it had been 
further purified by recrystallising three times from saturated 
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aqueous solutions. The pure sample thus obtained was finely 
ground and used for the temperature dependence study of Raman 
spectra. Flat plate-like crystals with well developed <001> 
planes were obtained by slow evaporation of a saturated aqueous 
solution. These single crystals were properly polished to make 
very thin platelets and used for room-temperature and temperature- 
dependent IR spectral studies. 

For the Raman measurements, linearly polarised 514.5 nm 
radiation from an argon ion laser was used to excite the sample. 

A Spex 1403 double monochromator coupled with a photon counting 
system was used to record the spectra. For h i gh-temperature 
studies a finely powdered CsNCS sample was positioned in the 
high-temperature cell- A Specac temperature controller with 
copper-constantan thermocouple touching the sample was used to 
measure the sample temperature with an accuracy of + 1°K. The 
average heating rate and the laser power employed at the sample 
were 1°K min ^ and 50 mW, respectively. 

For infrared measurements a thin single-crystal platelet 
was mounted on a special sample holder and fixed in the pellet 
holder of the Specac variable-temperature cell. The spectra were 
recorded using a Perkin-Elmer 580 double-beam grating infrared 
spectrometer. A Specac temperature controller in conjunction with 
a copper-constantan thermocouple was used to vary, control and 
measure the temperature of the sample with an accuracy of + 1 K. 

3> 4 Results 

CsNCS is a typical ionic crystal in which the lattice 
structure is determined by the forces of at least two different 
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strengths. The stronger overlap forces bind the N, C and S atoms 
together to form the rigid NCS ion, while the weaker long-range 
Coulomb forces mixed with some short~range forces bind the Cs and 
NCS” ions to form the CsNCS lattice. The lattice dynamics of this 
system can, to a first approximation, be described in terms of 
internal modes of intra-ionic NCS vibrations and external modes 
of inter-ionic motions. 

3. 4. 1 Room -temperature Raman Spectrxim 

The unpolarised Raman spectrum of the CsNCS sample at 
room temperature is shown in Figure ?.2. The predominant bands in 
the low-frequency region below 200 cm ^ can be attributed to 
external modes and all other modes above 200 cm ^ correspond to 
internal modes. Peak positions, relative strengths and probable 
mode assignments for the external and internal modes are listed in 
Table ?.l. The given symmetry assignments are those from the work 
of Ti et al [73. In the external-mode region the band at 143 cm ^ 
<Pp) is a rotatory mode that involves the hindered rotation of 
NCS* about the b axis on the (0 1 0) plane. The band at 129 ) cm 
is another rotatory mode, which involves the hindered libration 
out of the <0 1 0) plane. The band at 95 cm ^ is probably a 
two-phonon mode. All other low-frequency modes are translational 


modes. In 
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Bands at and 975 cm ^ are overtones and the band at 965 cm'^ 

is a combination mode of f 'Jndamenta 1 s . The weak feature 

around 1494 cm is an overtone of the Vp fundamental. Other 

weaker features at 742 and 746 <p' >; 2007 and 2027 cm"^ iv' 

u-b C-N 

are C“S and C“N stretching modes of isotopic species. The 
overtones of NCS bending modes have higher peak intensities < =>; 5 
times) compared to their fundamentals, indicating anharmonic 
effects even at room temperature. 

3. 4. 2 Room-temporature Infrared data 

The unpolarised transmission IR spectrum of the CsNCS 
thin single-crystal platelet is given in Figure 5.5. Peak 
positions and tentative assignments of all the observed bands are 
listed in Table 5.2. The dominant bands around 488, 758 and 2050 
cm ^ are NCS bending, C-S stretching and C-N stretching modes, 
respectively. All other broader and weaker features correspond to 
multi -phonon processes. The observed complex fine structure in 
the C-N stretching region , can be attributed to multi-phonon 
processes involving + external modes. 

3. 4. 3 Temperature Dependence of Raman S^>ectra 

Raman spectra in the C-N stretching region of CsNCS 
powder are shown in Figure 5.4<a), for 10 typical temperatures 
between 299 and 465°K. On increasing the temperature the peak 
intensities of <2042, 2055 cm ^ modes decreased 

monotoni cal ly , with marginal changes in half-widths, but there are 
no appreciable changes in their peak positions till 440°K. Around 
446°K a broad wing appears on the higher-frequency side of the 
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^C-N temperature increases further, the band widths 

of fTtodes increase exponentially. The h i gher-f requency wing 

enhances in intensity at the expense of a decrease in the peak 

intensities of the main modes. Finally around 461*^K the 

complete C-N stretching region is replaced by a single broad 7 

times broader than rnodes) band peaked around 2059 crri For 

temperatures higher than 461°K this broad band also starts to 

decrease in peak intensity. Typical changes in the integrated 

intensity and band width of the (at 2042 cm~^) mode 

with temperature are plotted in Figure 3.5(a). . Integrated 

intensity decreases continuously in a well defined manner in the 

temperature range 300-458°K, and by extrapolating the curve it 

becomes zero around 463°K. Assu!, g this value as the approximate 

transition temperature (T^>, a plot of logI_ versus log|T-T | 

c C-N ■ c ' 

(Figure 5.5(b>> for 5^ IT-T |< 95°K gives a perfect straight line 

c 

with a slope of 0.69 ;t 0.04. So the strong variation in the 

integrated intensity with temperature can be represented as 
«(|T-T^|>^^ with an order-parameter exponent ft st 0.35 + 0.02. 

This characteristic behaviour has been verified by repeating the 
experiment. The ^-value obtained in the repeated experiment 
is ae 0.36 + 0.02. The band width increases linearly until 

440°K and exponentially near the transition temperature. Peak 
frequencies of modes remained constant throughout the 

temperature range studied (Figure 5.6<a>>- 

Figure 3.4<b> shows typical changes in the external-mode 
<50-200 cm”^> region. Apart from small changes in the peak 
positions and band widths and a decrease in their peak 
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intensities, the lattice mode structure does not change 
appreciably until 446^K. For temperatures above 446°K the 
continuous broadening of all the bands, and finally around 462®K 
the replacement of the complete lattice spectrum by a broad'^band 
spectrum with a small hump around 125 cm can be seen. Plots of 
peak frequencies of the lattice modes v. versus temperature are 
given in Figure 5.6(b). The peak frequencies of all the lattice 
modes decrease monotoni cal ly . The in-'plane rotatory mode displays 
the largest softening of 11* <at 45?°K> . The out-of-piane 
rotatory mode softens by 7% and all other translational modes by 
6%. It is interesting to note that the squares of the frequency 
shifts of the in-plane rotatory mode in the temperature range 

?00-453°K vary as - i»^) oc - T 1^^, with ft at 0.55 + 

0.02, = i>_(T ) * 125 cm ^ and T at 462°K. A plot of log 

U K C C 

2 2 

(i>P - Vq) versus log|T-T^{ gives an exact straight line < inset in 

Figure 5.6<c>) with a slope of 0.7 + 0.04. For the other- lattice 
2 

modes, v. do not change linearly with temperature but the product 
2 2 

of squares n .v . of external modes (includng follows an exact 

11 n 

2 

linear relationship. Figure 5.6(c) is a plot of versus T 

showing a straight line in the temperature range 500-455°K. This 
behaviour has been verified by repeating the experiment. Typical 
changes in the Rayleigh wing (on the anti-Stokes side of the 
spectrum) with temperature are shown in Figure 5.4(c). As the 
sample temperature increases, the Rayleigh wing slowly narrows 
down and finally a sharper wing can be seen around 465°K. All the 
observed changes in the Raman spectra of polycrystal 1 ine CsNCS 
during the heating cycle are also observable in the cooling cycle 
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but with a large hysteresis of about 55^K. This large hysteresis 
(at 55 K) in the transition temperature is consistent with the 
value of about 45 K reported from x-ray results (Figure 5.2 in 
[5]> and the value of about 40°K from our IR data. 

3.4.4 Tenq^eratxnre Variation of the Infrared Data 

As the temperature increases above 500°K the' gradual 
broadening and smearing of fine structure in the C-N stretching 
region can be clearly seen (Figure 5.7(a)). Finally around 472°K 
it is completely smeared off and a single broad band can be seen 
for temperatures above 472°K. This behaviour is consistent with 
the Raman results, where the low-frequency external -mode region is 
replaced by a broad-band spectrum for temperatures above 462°K. 
The IR spectra in the C-S stretching and NCS~ bending (400-1050 
cm ^ ) region are shown in Figure 5.7(b), for four different 
temperatures below and above the transition temperature. Apart 
from small changes in the band widths and peak intensities, the 
spectra do not change much till 465°K. In fact the IR spectrum at 
465°K is identical to that at room temperature. For temperatures 
5-10°K above 465°K, an anomalous increase in peak intensities and 
half-widths of the C-S stretching and NCS bending modes can be 
seen. Similarly overtones of NCS bending fundamentals merge into 
a single broader band with stronger peak intensity. Similar 
broadening is observed for all other multi-phonon modes and some 
of the weaker multi -phonon bands become too broad to observe. The 
characteristically different spectrum around 475°K, consisting of 
very broad bands, indicates the highly disordered nature of the 
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h i gh~ t emp6 ra t ur e phase I . In the cool ing cycle this phase I 
persisted until 433 K (denoted by the asterisk (*> in Figure 
3.7<b>>, showing a large hysteresis of 40°K in the transition 
temperature . 

3.5 Discussion 

All the changes in the Raman spectra above 463*^K, e.g. 

the replacement of the external -mode region by a broad-band 

spectrum, the appearance of a very broad band around 2059 cm ^ in 

place of sharp(2042, 2053 cm ^ )C-N stretching modes and the 

characteristic changes in the integrated intensity, reveal an 

order-disorder transition around that temperature. The changes in 

the IR spectra indicate the transition temperature to be at 472 

1°K, in agreement with the reported ae 470°K from x-ray, neutron 

diffraction and thermal investigations C3-6]. The discrepancy in 

the observed T value in our Raman measurements can be attributed 
c 

to local heating effects, i.e. the laser irradiated spot 
temperature of the sample is about 7°K higher than the measured 
one at a slightly different point. 

3.5.1 First-order Nature of the Transition 

At room temperature the two modes <2042 and 2053 

cm"^) in the Raman spectrum are due to correlation field 

splitting. So the replacement of these modes by a single 

broad band (2059 cm"^> can be attributed to the apparent decrease 

in the anisotropy of the crystal field around the NCS ion, which 

probably occurs as a result of the disordering oscillations of the 

NCS~ ion near T . Then the simultaneous appearance of both the 
c 
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broad band at 2059 cnri (characteristic of disordered phase I) and 
• - 1 

the 2042 and 2055 cm modes (characteristic of low-temperature 

ordered phase II) in the temperature range 446-462°K indicates the 

coexistence of both phases in that range. Such coexistence phases 

are also seen in IR spectral studies during a cooling cycle. In 

the heating cycle there are marginal changes in the IR spectra (of 

phase II> until 465°K. However, an increase in the temperature by 

5*-10°K above 465 K results in a spectrum consisting of anomalously 

broad and stronger bands characteristic of the highly disordered 

nature of phase I. In the cooling cycle this phase I persisted 

upto 455°K as a metastable phase. All these observations, i.e. 

the coexistence phases, large hysteresis in the T value and 

c 

sudden changes in the spectra within a small temperature range, 
are characteristic features of a first-order transition. 

3. 5. 2 Spectral Manifestation of Disorder 

As mentioned earlier, x-ray studies identified phase I 

to be cubic and a 24-fold orientational disordered arrangement of 

the NCS ion was postulated in order to fulfil the symmetry 

requirements of the cubic phase. The spectral manifestations of 

this highly disordered character of phase I can be seen from our 

observations above T , i.e. the appearance of a broad wing in the 

c 

lattice-mode region of Raman spectra and sroeared-off fine 
structure in the C-N stretchng region of IR spectra, which could 
occur due to the breakdown of k - 0 selection rules. The absence 
of discrete Raman lines in the lattice region confirms its cubic 
structure. Since first-order Raman sacttering in the CsCi-like 
cubic phase is not allowed by group theory, the broad feature 
around 125 cm~^ may be associated with disorder-allowed phonons. 
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3.5.3 Generalised Soft -mode-like Behaviour of External Modes 

Some of the observations in our Raman studies (e.g. 

gradual narrowing of Rayleigh wing with temperature, finally 

becoming sharper above T^, and the broad~band lattice spectra in 

phase I) look strikingly similar to that reported by Dultz C143 

for the disordered cubic phase of KCN. Assuming some similarity 

between transitions in KCN and CsNCS, Irving et al C53 

concentrated their neutron diffraction studies of CsNCS on 

acoustic modes in an attempt to find soft modes associated with 

the transition. But they did not observe any such mode from their 

studies. Our Raman results also show that all the external modes 

are temperature-dependent to some extent, but none of them 

individually show purely soft-mode-like behaviour. Interestingly 

2 

the product of the squares of these external modes, varies 

linearly in the temperature range 500-455°K as shown in Figure 

3>.6<c).By extrapolating the curve, n.i>t becomes zero around 600 K, 

which is considerably higher than the observed T value <i.e, 

c 

46?°K). A similar type of behaviour had been reported by Iqbal et 

al C153 for KNCS in which the reported order-disorder transition 

temperature was 41?°K and the extrapolated temperature where n.vf 

becomes zero was 53>5°K. For NaClO^ crystal Rao et al C163 

2 

reported a similar relation. i.e. n.v. « <T-T > , with an 

1 # C 

extrapolated T = 595°K (greater than the melting point 557°K> for 
c 

the first-order transition, and their Raman results were 

comparable with dielectric measurements. These authors 

2 

interpreted the linear behaviour of n.v. versus T as the 
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generalisation of Cochran’s soft-mode concept. In this line of 
2 

thought n.v>. not becoming zero at in CsNCS may be due to the 
highly first-order nature of the transition, the sample might have 
distorted to another phase before had a chance to go to zero. 

To confirm the applicability of this generalised soft-mode 
concept, one also has to observe a linear increase in n.v>. with 

i 1 

temperature above T^. This could not be verified in the present 
case due to the resulting broad-band lattice spectrum above T^. 
Additionally, the T dependences of all the lattice modes, 
including the weaker modes below 60 cm ^ , have to be considered in 

i 1 

2 2 0 7 

On the other hand, the peculiar variations j T-T^ | > 

in the librational mode for T (< 455°K) well below T^ may probably 

be associated with the transition. Although remains as a weak 

diffusive structure around 125 cm ^ above T^, this type of 

u c 

softening may not be unusual for the transition triggered by 
reor i entat ional fluctuations of the ions. 

3. 5. 4 Calculation of Order -parameter Exponent ft 

and Activation Energy U 

It is interesting to note that the integrated intensity 

falls of <1^.^ « <|T - for T — ► T^.- 5°K from below) 

2 . . 

like the square of the order parameter (tj >, giving an 
order-parameter exponent ^ fx 0 . 35 +. ® • Recently Bruce et al 
C171 have developed a general theory for the onset of Raman 
activity of hard modes (modes that are not directly involved in 
the phase transition) near a SPT . These hard modes are of 


interest if, on symmetry grounds, they are Raman-active below 
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and Raman" i nact i ve above . According to this theory, the total 
Raman intensity I for such modes can be expressed as 


I 


,LR ^ ,CP ^ ,PH 




where I represents the long-range contribution to the 

first-order scattering in phase II and is proportional to the 

2 CP 

square of the order parameter <>7 > ; I is the central peak 

contribution resulting from the first-order hard-mode scattering 

PH 

induced by short-range ordef; and I represents the contribution 

from two-phonon processes involving hard and soft-phonon 

quas i -harmoni c interactions and giving rise to second-order Raman 

scattering. The Expression <5.1> has been used to explain the 

temperature dependence of Raman intensities of hard modes near the 

tetragonal to cubic (continuous with first-order components) 

transitions in KMnF^ and RbCaF^ samples C173. In CsNCS sample the 

temperature dependence of the integrated intensity 

Vr. mode (for T well below T ) is remarkably consistent with the 
L*N C 

dominance of the first term in equation <5-1). So in the 

low-temperature phase the Raman intensity of the mode may 

solely be controlled by the long-range order. It is difficult to 

draw any quantitative conclusions for temperatures very close to 

T because of the broad-band spectra and first-order nature of the 
c 

transition. However, the consistent value of ^ 0.35 ± 0.02 from 

librational mode frequency shifts (for T well below T^> gives 
additional support to the above results. 



7A 

Deep in the ordered phase the linear increase in the 
band width of the mode can be understood as cubic anharmonic 
contributions to its half“Width. Whereas, the exponential 
increase in (Figure ?.8(a>> in the vicinity of is due to 
the dominance of reor i entat i onal fluctuations of NCS“ ions. The 
changes in 'for ^25 <T < 455°K can be represented as * 
^U/Kg where U is the activation energy for the reor i entat i onal 
motion and Kg is the Boltzmann constant. A plot of versus 
1/T (Figure 5.8(b>> gives a straight line; and U 0.46 + 0.01 ev 
has been extracted from the slope. 

3.5.5 Phase Transition Mechanism 

Neutron diffraction studies of CsNCS sample C5.63 
revealed an anomalous increase in the mean-square displacements of 
both Cs^ and NCS ions near and that highly anharmonic 
behaviour was attributed to precursor effects associated with the 
transition. In the vicinity of the transition the anomalous 
increase in the band widths of many modes in the IR and Raman 
spectra may be associated with those strongly enhanced 
anharmonic! ties near T^. The large entropy change associated with 
the transition, 5.7 eu mol ^ (almost twice the melting entropy, 
5.0 eu mol~^C33>, and the anomalous broad features in the IR and 
Raman spectra above T^, suggest that the high-temperature cubic 
phase is a classic "plastic crystallijis phass" C183. 

The transition in CsNCS may be compared with that of a 
KNCS sample, which also has an orthorhombic layer structure (space 
group Pbcm) at room temperature but transforms at 414. 5°K to a 
tetragonal structure (space group I4/mcm>. The transition in KfCS 



75 


has been determined to be second order in character, with a small 
first-order component. Near the transition temperature NCS ions 
in KNCS are believed to undergo dynamic reorientat ional fluctu- 
ations between two energetically equivalent positions [15, 19-223. 
One can expect thermodynamically similar transitions in rubidium, 
ammonium and thallium thiocyanates whose low-temperature phase 11 
structures are known to be (orthorhombic) isomorphous to that of 
KNCS. But the transition in CsNCS is found to be completely 

different. The large entropy change at T the first-order 

c 

character of the transition, the cubic symmetry and the hi^phly 

disordered nature of phase I are unique features of the CsNCS 

sample among all the alkali thiocyanates. Although the measured 

change in entropy. 5.7 eu^ mol is close to Rln 24=6.5 eu 

mol ^.supporting the 24-folcl orientational disordered arrangement 

of NCS ions in phase I. the large increase in the band widths of 

almost all the bands in the IR and Raman spectra near .and the 

temperature dependence of all the observed lattice modes suggest 

that the transition may not be solely related to NCS ion disorder 

but probably involves shifts of both <Cs^, NCS > ions. This 

mechanism for the phase transition involving a cooperative dynamic 

reorientational disordering near T as both ions are in motion is 

c 

consistent with the previously reported neutron diffraction 
results . 


i* -1 

Entropy unit (cal deg > 
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Table 3.1 * Vibrational freqmncies, relative strengths, mode 
assignments and symmetry species of Raman active 
modes in CsNCS at 300°Kt. 

Ca> External and Internal Nodes 



Vibrational 
f equency 

( cm ^ ) 

Re 1 at i ve 
strength 

Mode 

ass ignment 

Symmetry 
species Tt 


58 

s 

T 

A 

9 


45 

s 

T 

9 9 


55 

m 

T 

B 

9 

External 

Modes 

75 

vs 

T 

B 

9 


95 

s 

Two 

Phonon 

7 


150 

ms 

R 

B 

9 


145 

ms 

R 

9 9 


475 

vw 

®N-C-S 

9 9 


486 

vw 

A^ 

*N-C-S 

9 9 

Internal 

Modes 

750 

s 

‘^C-S 

'''9 -S’ 


2042 

vs 

*^C-N 

'''9> 


2055 

ms 

"'C-N 

<A,> 
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CbD Multi— phonon nodes and Internal nodes of isotopic species 



Vi brat i onal 
f equency 

<cm ^ > 

• Relative 
strength 

Mode 

ass ignment 



w 

<-c-s 

phonon 

963 

vw 

C^N-C-S " 


975 

mw 

^"^N-C-S 


1494 

vw 

2^C-S 


Modes 


Internal 
Modes of 
Isotopic 
Speci es 


74Z 

m 

N-^V 

S i> • 

^ C-S 

746 

m 

15,., „ 

p* 



N-C-S 

C-S 

2002 

w 

N 

u' 

^ ^ C-N 

2007 

m 

N-^^C- 

^ ’'■c-N 

2022 

w 

^^N-C- 

’“s •'■c-N 

2027 

m 

'W 

S ’^'c-N 


t The abbreviations v,s,m,w and sh stand for very, strong, medium, 
weak and shoulder: R and T stand for rotational and translational 

modes. *^c-S ^N-C-S ^N-C-S stretching, 

in-plane and out-of plane bending modes of NCS ions, 
respectively, and are C-N and C-S stretching modes of 

isotopic species. 


tt Inferred from C73 
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3.2 Vibrational fraquanclas and tentative assignments of IR 
active Internal and multi -phonon modes 



Vibrational 

Mode 

Critical 

Observed 


frequency 
<cm ^ ) 

ass i gnment 

point 

frequency 

(L ) 
cp 

k=0 external 

mode frequency 
(cm ^ > 


488 

"^N-C-S 



Internal 

758 

*^C-S 



Modes 

750 

^ V* 

C-S 




2050 

‘^C-N 




957 

980 

‘^N-C-S'*'‘^N-C-S 




1500 




Multi -phonon 

1927 

*^C-N"''cp 

125 

150 

Modes t 

1982 

*^C-N"^cp 

68 

75 


2092 

’^c-n'’’‘"cp 

42 

45 


2128 

*^C-N'‘'^cp 

78 

75 


2180 

‘"C-N'*’‘“cp 

150 

150 


-1 

t Very broadbands at 1428, 1680, 1768, 2865, 5100 and 5210 cm ; and the 

-1 

spectral features at 850, 895, 1025. 1095. 1196. 1258 and 2550 cm also 
correspond to multi -phonon modes. 
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Figure 3.1; Arrangement of atoms in the orthorhombic unit cell. 
Shaded and unshaded atoms are at y = 1/4 and y = 3/4, 
respectively. 

Figure 3.2: Unpolarised Raman spectrum of CsNCS single crystal at 

4 3 4 

room temperature. FS 5x10 , 5x10 and 1x10 are recording 

sensitivities (photon counts per second). 
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Figure 3.3; Unpolarised transmission IR spectrum 
single-crystal platelet at room temperature. 


of CsNCS 


STOKES INTENSITY 



WAVENUMBER ( cm ' ) 

Figure 3.4: Thermo-sensitive mode regions in the Raman spectrum of 
CsNCS polycrystalline sample. Temperature dependence of Raman 
spectra in (a) C-N stretching region, (b) lattice-mode region and 
(c) Rayleigh wing (on the anti-Stokes side of the Raman spectrum). 
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Figure 3.5; (a) Variations in the integrated intensity I and 

C— N 

FUHM y (cm”"*') (0) of C-N stretching mode with temperature. (b) 
Plot of log I versus log|T-T | for 5 <|T-T 95°K. 

C-N, c c 



295 


455 


375 455 295 375 

TEMPERATURE (°K) 

Figure 3.6: Changes in the peak frequencies with temperature: (a) 
V' modes versus temperature; (b) lattice modes v versus 

<3-M 

temperature; (c) product of squares of frequencies for four 

lattice modes (v> ) versus temperature. The inset shows a plot of 
- i^*) versus lofi(|T - T^| ) in the T ranee 300-453®K ior a 


librational mode (v> ) . 
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Fi.ur. 3.7: T,».perat„re dependence of I* .pcctr. in (e) C-N 
.tretchin* (1850-2300 cn'*) region .nd (b) 100-1050 c.- region. 
The spectr. at 133°K (Mrked with an asteriekO) correspond to 

the cooling cycle. 
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2040 cro"* C Raman) 
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CHAPTER 4 


temporal oscillations in the scattered light in CsNCS 

SINGLE CRYSTAL NEAR THE STRUCTURAL PHASE TRANSITION TEMPERATURE 


Abstract ; 

Temporal oscillations and cascade of period 
doublings in the oscillatory scattered light were observed as a 
function of time, when CsNCS crystals were kept stable near the 
structural phase transition (SPT)* temperatures and 
irradiated by focussed beams of constant laser powers. From the 
striking similarities between the observed phenomena and period 
doubling bifurcations, different oscillatory regions in CsNCS 
crystal have been related to successive instabilities, as some 
internal parameter of the system changes with time in a self 
controlled manner. Considering thermal and photo-induced 
changes as the major sources, probable nonlinear interaction 
mechanisms for the observed phenomena have been proposed. 


Publications based on the material contained in this chapter are 
the following : 

CA] S Sathaiah, V.N. Sarin and H.D. Bist, Phys Lett. A <6>. 

348-?>4<1989> 

CB3 H.D. Bist. S. Sathaiah and V.N. Sarin, in "Recent trends in 
Ranrean spectroscopy" eds.S.B. Banerjee and S.S. Oha (World 
Scientific, Singapore, 1989> P >40-361 
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The chaotic behaviour of nonlinear systems has 
attracted considerable attention in recent years C 1-3 3. The 
term chaotic, in the modern literature, represents non-periodic 
behaviour that arises from the nonlinear nature of the 
deterministic systems [43. Recently, experiments on various 
physical, chemical and biological systems have shown the 
existence and similarities of the patterns in their chaotic 
behaviour <i.e. organization of chaos in universal ways) [33. One 
thoroughly analysed universal pattern is known as the period 
doubling route to chaos. Experimentally, diverse nonlinear 
systems have been found to exhibit the characteristic 
behaviour associated with this route [63. There are striking 
analogies between pattern formations in the nonlinear systems 
(far from thermal equilibrium) and phase transitions of 
systems in thermal equilibrium [73. In addition there exist a 
few examples of pattern formations near phase transitions e.g. 
.dendritic growth, during liquid to solid transition [83, 
phase locking and period doubling bifurcations in driven 
nonlinear crystal oscillators (Rochelle salt [93 , KDP [103) near 
their ferroelectric to paralelectric phase transition points. On 
the other hand recently there has been a great interest in 
the light induced structural transitions and oscillatory 
instabilities [11-143. The present chapter reports on the 
experimental observation of temporal oscillatory instabilities 
in the intensity of the light scattered from caesium 
thiocyanate (CsNCS) single crystal for constant incident 
laser intensities near the structural phase transition 
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temperature <T^> . This oscillatory behaviour looks strikingly 
similar to the above mentioned, period doubling route to chaos 
which occurs in many nonlinear systems as some parameter 
involved is varied. On the basis of experimental results 
probable mechanisms for the observed phenomena have been 
proposed. 

CsNCS is a typical ionic crystal which has an 
ordered orthorhombic structure at room temperature <RT>. 
Between 470 K and melting point < ae 480**K> it crystallizes in a 
CsCl like cubic structure C15]. As described in the previous 
chapter the temperature dependence of Raman and Infrared spectra 
of CsNCS sample revealed the order-disorder and first order 
nature of the (orthorhombi c-cubic> equilibrium SPT [161. In the 
course of those studies no temporal oscillations were 
observed. The present chapter reports on the occurrence of 
oscillatory scattering in CsNCS single crystal under special 


experimental conditions. 

The 

comparision 

of 

the 

Raman 

spectral 

changes in 

the single 

crystal 

wi th 

the 

data 

on 

the 

polycrystal 1 ine 

samples 

for 

temperatures 

above RT 

is 

also 


presented. 

4. 2. Experimental 

Extra pure CsNCS sample from K and K laboratories 
had been further purified by recrystallizing thrice from 

its saturated aqueous solutions. On slow evaporation of 
saturated aqueous solution flat plate like transparent 
crystals with well developed (001) planes were obtained. For 
high temperature measurements, CsNCS single crystal was positioned 



91 


in the high temperature cell. A linearly polarised 514.5 nm 
radiation from Argon ion laser was focussed normal to the (001) 
planes of the crystal. The Raman scattered light was collected 
in the usual 90® geometry. Spex Ramalog system consisting of a 
lasermate (to get rid, of the plasma lines), a UVISIR sample 
compartment. a 140? double monochromator, a thermoelectri cal ly 
chilled photomultiplier <C-?1054) and a photon counting system 
in conjunction with a compudrive and a linear chart recorder 
provided automatic^ recording of the Raman spectra. Specac 
temperature controller and a copper“Constantan thermocouple in 
touch with the crystal were used to measure the sample 
temperatures with an accuracy of +1®K. The details of the 
instrument are same as described in chapter 2. 

4.3* Results and Discussion 

Unpolarized Raman spectra of CsNCS single crystal were 
recorded at various sample temperatures between ?00-455®K. The 
average heating rate and the laser power employed at the 
sample were 0.25®K min ^ and 100 mW, respectively. Typical 
changes in the lattice mode region of CsNCS single crystal are 
given in Figure 4.1<b). For comparison, temperature variations in 
the Raman spectra of polycrystalline sample (data obtained with an 
average heating rate of 0.4°K min ^ and incident power 70 mW> , 
which found to be consistent with order-disorder transition, are 
given in Figure 4.1<a>. It can be seen that until 4?0®K all the 
spectral changes in CsNCS single crystal are consistent with data 
on polycrystalline sample. By maintaining the crystal at 
constant temperature 4?1°K and irradiating it continuously for two 
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hours the complete lattice mode region was replaced by a large 
number of regularly spaced oscillations as shown in Figure 4.2. 
These oscillations persisted for about 55 mts. At slightly 

higher 2°K) sample temperatures the regular oscillations 

became irregular, finally a broad band noise like spectrum 
(well above the instrumental noise) was seen. The experiment 

was repeated with another fresh CsNCS crystal with reduced 
incident laser power <45 mW) and the average heating rate 
<0.2?®K min ^). keeping all other conditions same as in the 
first experiment. Results obtained were also exactly similar 
‘to the first experiment except that the oscillations started 
at 454 K instead of 431 K. The recorded oscillations near 
C-N stretching region <2000 cm"^> around the temperature 454®K 
are shown in Figure 4.3. 

Typical changes in the C-N stretching modes <v_ with 

C-N 

temperature in polycrystalline and single crystal samples are 
summarized in Figure 4.4 (a) and (b) respectively, for the 
purpose of comparison. In both the single crys tal studies, 
peak intensities of C-N stretching modes dropped discont inuously 
to zero at the temperatures where the oscillatory scattering 
first appeared. Figure 4. 5<b) and (c> show the typical changes 
in the peak intensities of v st 2042 cm ^ modes near the 

C-N 

temperatures of oscillatory scattering. These can be compared 
with CsNCS polycrystalline data (Figure 4. 5(a)) in the 

vicinity of order-disorder transition where the peak intensity 
of i> a* 2042 cm~^ mode decreased continuously to zero, 

C-N 

finally a new broad band 2059 cm ^ (Figure 4.4(a)) 


characteristic of high temperature disordered cubic phase 



93 

appeared. Variations in the background intensities with 
temperature are plotted in Figure 4.6, for all the polycrystalline 
(I. II & III) and single crystal (IV & V) Raman measurements. 


4.3.1 Period Doubling Behaviour 


By changing the recording (chart) speeds, 
proportional variations in linewidths (Figure 4.7 (a)} and peak 
to peak separations of the oscillatory modes were noticed. It’s 
well known that the bandwidths and peak seperations of Raman modes 
(in general, any spectral line) don’t vary with scanning speeds as 
along/as the modes are time independent (Figure 4.7(b)). Peak 


seperations were also observed to vary by repeated scanning of a 

fixed wave number region at different instants of time. One 

should not have observed such variations, if the recorded spectra 

really had oscillations in the frequency domain. Additionally 

oscillations in the intensity were observed to persist even by 

turning off the spectrometer at any wave number. Figure 4.8 shows 

the typical temporal oscillations recorded at T = 4?7°K, by 

turning off the spectrometer drive at v» ix 2000 cm ^ , in the third 

o . -1 

experiment (with an average heating rate 0.5 K min and incident 
power 45 mW) . Although this experiment gave direct evidence for 
the temporal behaviour, different periodic oscillatory regions 
were not seen due to poor temperature control at T = 457°K. So, 
the only better experimental results (Figure 4.2) among all the 
data have been analysed here. Since the oscillatory modes (in 
Figures 4.2 & 4.5) have been identified to be real time 

oscillations in the scattered intensity, the recorded scale had 
been converted to the intesity versus time scale using the 
following conversion relation : 
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Time-chart scale 
( sec/cm) 


wave number chart scale <cm~^/cm) 


chart speed (cm"^/sec> 


In Figure 4.2. the converted time scale <in 10^ sec. 
scale on the top) versus the intensity of scattered light in 
the lattice mode region is shown. One expects a flat broad band 
spectra as in polycrystalline data Figure 4.1(a) characteristic 
of disordering of the lattice, near T . Instead. time 

C 

% 

dependent intensity oscillations superimposed on the flat 
Rayleigh wing can be clearly seen at T = 451°K. Let t = 0 be the 
initial time at which periodic oscillations with an average 
period =20 + 4 sec (to' sec is the standard deviation) 
first appeared. A very striking feature was that the observed 


osc i 1 lat i ons with 

initial 

period 

T were stable 

1 

only 

upto 

2 

t = 4x10 sec. 

For t > 

4x10^ 

sec another 

series 

of 


oscillations with a modulated period of = 49+4 sec (»» 2 t^> 

appeared. The period t remained constant for some time and at 

2 

2 

t = 14x10 sec it got doubled again i.e. oscillations with period 

= 101 + 9 sec < at 2 t^) appeared. These periodic 

2 

oscillations became unstable at t = 20x10 sec and gave rise to 
another series of oscillations with = 20+3 sec < a« ^ 4 ^’ 

Again these remained stable for some more time, finally 
for t > 29x10^ sec broad band noise like irregular temporal 

oscillations were seen. In Figure 4.2 only a small portion 
of the observed irregular oscillatory region is shown. 
Additionally, period doubling was observed to produce higher 
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period modulation of the original period. This may not 
clearly be seen in Figure 4.2 due to merging of original periodic 
oscillations in the wings of higher period modulations and 
limited observable resolution in the final reproduction of the 
data. The cascade of period doublings (within 
experimental accuracies) and coming back to initial period of 
oscillatory scattered light with respect to time are 
summarized in Figure 4.9(b). Similar temporal oscillations 
were found in the second experiment but evidently due to 
their appearance at higher sample temperatures (viz. more 
thermal fluctuations: also the sample temperature was not 
maintained stable for longer durations as in the first 
experiment), the complete cascade was not seen (Figure 4.9(a) and 
F i gure4 . 3 ) . 


Spurious oscillatory phenomena such as incident laser 
oscillations, oscillations due to switching devices and 
photomultiplier instabilities have been ruled out by doing 
same experiments under similar experimental conditions on 
other crystalline materials which do not exhibit this 
oscillatory behaviour. For the better understanding of the 
phenomena, the following experiments were performed. Once the 
oscillatory behaviour was set in, we shifted the irradiation 
spot to some other point on the crystal, then the oscillations 
were not seen, instead we were able to record the Raman 
spectrum which was consistent with the corresponding spectrum of 
CsNCS polycrystalline sample at that temperature <456**K in 
{Figure 4-4(a) and (b)}. This implies that some changes (probably 
Photoinduced) had taken place in the crystal and gave rise to 
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somB sort of instabilities localized at the irradiated spot. 
The occurrence of these instabilities above a part i cu 1 ar 
tempGrature depends on the total time of irradiation and 
laser power employed at the sample. However keeping CsNCS 
crystal at room temperature and irradiating it for longer 
times upto 14 hrs (more than the effective irradiation 
times of the two earlier high temperature experiments) . 
oscillatory behaviour was not found. In fact the scattered 
intensity was observed to remain constant as shown in Figure 4.10 
even after such a long time irradiation of the crystal. By 
irradiating the sample with larger power > 140 mW. the 
crystal got burnt but there were no oscillations in the 
scattered light. Figure 4.11 gives the details of the rates of 
heatings in different experiments on polycrystalline {Figure 
4.11<a>> and single crystal (Figure 4.11<b)and <c>}samples. It is 
very clear that to observe oscillatory instabilities, the ' sample 
has to be kept at stable temperature well below T^, then very slow 
rates of heating (Figure 4.11<c>} are needed to obtain a clear 
cascade. All these observations indicate that the oscillatory 
phenomena is due to the combined effects of photoinduced 
and thermal changes occurring at the irradiated spot of the 
crystal . 

The well organised temporal oscillations in the 
intensity of the scattered light for constant incident laser 
powers, tempted us to conclude that* these periodic oscillatory 
regions may probably be associated with successive instabilities 
as some internal parameter of the system changes with time in a 
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self-controlled manner. This looks strikingly similar to the 
period doubling route to chaos C53 which occurs in diverse 
nonlinear physical, chemical and biological systems as some 
parameter involved is varied. ,To explain the oscillatory 
instabilities one has to consider the possible nonlinear 
interaction mechanisms between the laser field and CsNCS 
single crystal. Here we suggest that there are two types of 
such mechanisms that may be important sources of the observed 
phenomena . 

4. 3.1. a Instabilities associated with Structural and 
Photothermal Changes 


Recent neutron diffraction studies on CsNCS crystal 
[17,18] revealed anomalous large increase in the mean square 
displacements of both Cs^ and NCS ions for temperatures above 


440*^K and less than T^CFigure 4.121. Due to these large 
displacements of the ions the restoring forces may become 
strongly nonlinear. In turn, the optical response of the 
CsNCS system may also become nonlinear. In other words, 
optical constants like refractive index <n) may become 
nonlinear function of T, near T^. In fact there are a few 
systems known to exhibit optical nonlinearities near their 


phase transition temperatures Cli,19"21]. Additionally, there are 
reports on the observations of phase locking and period doubling 
bifurcations which characterise the low frequency nonlinear 
responses of the driven crystal oscillators e.g. Rochelle Salt 
C9] , KDP [10] near their ferroelectric phase transition 


temperatures. The observed oscillatory 


phenomena in 


CsNCS 
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crystal may be related to the instabilities associated with 
enhanced optical nonlinearities near its structural phase 

transition temperature. We believe structural changes 

including local photothermal changes in the irradiated spot 

play a dominant role in the observed phenomena. As 

described in the previous section to observe oscillatory 
instabilities sample should be kept at stable temperature 
well below for longer durations Z hrs) and very slow 
rates of heating are needed to observe the clear cascade. This 

could be achieved by local heating due to focussed beam of 

rsi 100 mW laser power and can be understood in the following 
way. As CsNCS crystal is poor thermal conductor, the laser beam 

produces a significant local temperature rise in the illuminated 

spot. As a result the complex refractive index n. in 
particular. the absorption coefficient a < i.e. imaginary part 

of complex n) may increase and enhance the dissipation of laser 
field in the sample. Thus local temperature rises further and 
the continuation of this process may result in local temperature 
distribution which becomes strongly T dependent near T^. This 
temperature profile gives rise to refractive index (real n) 
gradient which can defocus the laser beam. As a result local 
heating in the spot reduces and spot temperature decreases 
slowly with time until uniform T is achieved. When the laser 
beam attains its original convergence, the local temperature 
rises again, and this may continue as a cyclic process 

under appropriate conditions of heat dissipation and conduction 
which govern the time dependence of the spot temperature. Once 
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there is a nonlinear optical response which probably occurs 
due to large displacements of ions near T , the above mentiocied 
feed back mechanism between T dependence of optical constants 
and the enhancement of local temperature can give rise to s- 
highly nonlinear behaviour of the optical characteristics 
CsNCS crystal and may produce oscillatory instabilities ' 
the scattered light intensity in a controlled way. More detailed 
observations of nonlinear dynamical responses in CsNCS near 
may provide deeper insight into the correlation between 
nonlinearity and phase transition dynamics. 


4. 3. 1 . b Photo Chemical Instabilities 

Another possible mechanism for the observed 

phenomena may be related to instabilities in solid state 
photochemical reactions. Probably, some photo- react i ons might 
have taken place in the illuminated region above a particular 
temperature (near SPT) depending on the laser power and time 

of irradiation. By keeping the sample stable at this 

temperature, varying the spot temperature very slowly with the 
help of focussed laser beam, successive instabilities in the 
photochemical reactions might have occurred and exhibited 
temporal oscillations and bifurcation sequence in colour Cor 
fluorescence). In fact there are many oscillatory chemical 
reactions (liquid phase) known to exist [223- Interestingly 
some of these chemical reactions show period doubling 
bifurcations. B.Z reaction C23] is the one thoroughly studied 
among these. Additionally, there are reports 

oscillatory reactions between thiocyanates and H 2 O 2 C243, 
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bromate and thiocyanates C25] showing different types of 
bistabilities and bifurcation sequence. On these lines one 
can qualitatively say that oscillatory photochemical reactions 
(solid state) exhibiting temporal oscillations in colour (or 
fluorescence), may be responsible for the oscillatory scattering 
in CsNCS crystal. One of the possibilities is that the 
photoreactions may produce sulfer Sg , and then the polymerization 
of Sg at T = 435 K C26] into different allotropes may be 
responsible for the observed oscillatory scattering. But this 
posibility has been ruled out by performing temperature dependent 
Raman scattering measurements on the polymerization of S_ crystal 

O 

[271 . 

More experiments are needed to understand clearly 
the mechanisms involved and to find out the parameters which 
control the stability of the periodic oscillations in the 
present system. Further work is planned to obtain well 
controlled experimental time series data for quantitative 
anal ys i s < e . g . to construct phase portraits, Poincare sections and 
return maps; to calculate the largest Layapunov exponents, 
universal numbers and so on.) 

Finally, it should be emphasized that the observed 
temporal oscillatory scattering near SPT in CsNCS is first of its 
kind. In order to explain all the observations quantitatively, 
a theoretical model is needed which takes into account the 
combined effects of structural and photoinduced changes on the 
optical characteristics of CsNCS crystal .Additional ly .the changes 
in the Raman scattered intensity with incident power [Figure 4.153 

<in CsNCS 


indicate the importance of photo- induced effects 
crystal )even at room temperature. 
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Figure 4.4: Temperature (T) variations of Raman spectra in 

C-N stretching region of CsNCS (a) polycrystalline and 
single crystal: * denotes the spectrum obtained at 456*^K 
shifting the irradiation spot to some other point in 
crystal. It can be compared with the corresponding spectrum 
denoted by * in (a). 


Figure 4.5: Typical changes in the peak intensity of the c-jj 
stretching mode ( C-N = 2042 cm of (a) CsNCS polycrystalline 
sample near the SPT, (b) and (c) CsNCS single crystal in the 
vicinity of oscillatory scattering temperatures, T < 431*^K and 
T < 454**K, respectively. 
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Figure 4.7: (a) Demonstration of temporal behaviour of the 
oscillatory scattering (at T=454®K) through the observed 


variations in linevidths with different scanning speeds: 0.2, 0.5 

- 1 “ 1 

and 3cm /sec. Note that in the chosen wavenumber (2160-2180 cm 

region there is only a flat background till T = 450°K. (b) Raman 

spectra of CsNCS crystal at SOo'^K showing the independence of 

spectra for different scanning speeds (same as in (a)) 
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Figure 4.9; Variations in the period (t) 
for the observed oscillations at different 
and (b) 431®K (see text). 


with respect 
temperatures 


to 

(a) 


time 

454^K 
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Figure 4.11: Sample temperature (equilibrium value) versus the 
time taken to attain that value in different scattering 
experiments on (a) polycrystalline , (b) and (c) single crystal 
samples. The slopes of curves : 0.37, 0.23 and 0,25 K 
min"^ represent the average heating rates; LP = 67, 47 & 100 mw 
are the powers employed at the sample. 





CHAPTER 5 


STTRUCTURAL phase transition and internal fields in RUBIDI UN 
THIOCYANATE PROBED THROUGH VIBRATIONAL SPECTRC^COPY 

Ahs t rac t 

In this chapter, comprehensive Raman and IR studies of 

structural phase transition in Rubidium thiocyanate <RbNCS) are 

presented. Thermal behaviour of many vibrational modes. in the 

298-448°K range, indicates that the orthorhombic to tetragonal 

transition at s* 440°K is of order-disorder type and it exhibits 

purely second order characteristics. The peculiar linear fall in 

the relative Raman intensity <I_ .,) of C-N stretching <v_ .,) mode 

can be related to the progressive re-orientational disordering of 

NCS ions as T approaches T . An order-parameter exponent afO.45 

c 

2/5 

± 0.04 has been obtained by expressing: ^ 

Similarly, a consistent value of ft < 2 a 0.45) has been obtained from 
the linear decrease in the IR intensity of the in-plane bending 
mode. In the Raman spectra, the appearance of sidebands in 
and g regions can be related to splittings due to an internal 
electric field in the ordered orthorhombic phase. The continuous 
growth in their relative intensities and the decrease in splitting 
energies reveal the gradual diminution of internal field as T 
approaches T , Further the C-N and C-S oscillators were found to 
be affected by the field in an opposite way. These results have 
been discussed in the context of an anharmonic oscillator model 
developed to describe some of the spectral manifestations of an 
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orde r “ d 1 sorde r SPT jn KCN system. The resultant broad band 
spectra in the external and internal mode reQions, tor T ^ T , can 
be attributed to the rapid head to tail fluctuations of NCS“ ions. 
An activation energy (U) for the reori entat ional motion of NCS” 
ions. U =« 0.29 ± 0.02 ev, has been calculated from large changes 
in the bandwidth near . 

Publications based on the material contained in this chapter are 
the following: 

[A] S. Sathaiah. V.N. Sarin and H.D. Bist, Proc. ICORS XII. USA. 
496 (1990). 

[B] S Sathaiah and H.D. Bist. 3 . Chem. Phys. (Submitted) 
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5.1 Introduction 

The thermal behaviour of the vibrational modes of solids 
in the vicinity of a structural phase transition contains 
information on the nature of the transition [1-33. In some cases, 
variations in the band profiles of the thermosensitive internal 
modes may give more insight and they can be used as the internal 
probes for the study of various structural phase transitions and 
local environmental changes occurring in the crystals [3-83 . With 
these points in view, the detailed temperature dependence study 
(in the range 298 to 448°K> of Raman and IR spectra of 

Rubidium thiocyanate (RbNCS) has been carried out. 

5. 2 Crystal Structure 

At room temperature (RT>, RbNCS has an ordered 

orthorhombic structure (Phase II), which can v assumed to be 

i sostructural with that of Potassuim thiocyanate (KNCS) system 

[93. The syrmietry of the structure belongs to the space group 

Pbcm with four formula units in the primitive cell. The 

L n 

unit cell of the orthorhombic structure of the RbNCS system 
projected on to the (001) plane is shown in Figure 3.1. The NCS 
ions occupy the site of C symmetry on the (001) planes and they 

5 

are oriented along the face diagonal [1103 of the unit cell. The 

cations are sandwitched between NCS layers and occupy sites of C^ 

symmetry. Differential thermal analysis and structural studies 

revealed a SPT around T at 459± Between T and melting point 

c ^ 

<457± 3°K>. RbNCS is believed to crystallize in a disordered 
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tetragonal structure (Phase I) isomorphous to that of Phase I in 
KNCS [10]. The room temperature vibrational spectra and mode 
assignments have already been reported [9,11]. The temperature 
dependence of vibrational spectra and the detailed analysis of the 
spectroscopic manifestations of disorder in RbNCS are presented 
here for the first time. 

5.3 Experijnental 

For Raman spectral measurements 514. 5nm radiation from 
an Argon ion laser was used to excite the sample and a Spex 
Ramalog system to record the spectra. IR spectra were recorded 
using Perkin Elmer 580 double beam spectrometer. The details of 
the experimental set up are same as given in chapter 2. The 
average heating rates in Raman and IR measurements are 0.5 and 
0.5°K min respectively. 

5.4 Results 

5. 4. 1 Raman Spectrum at RT 

The unpolarized Raman spectrum of RbNCS powder recorded 
at RT<298°K> is shown in Figure 5.2. The dominant bands below 150 
cm ^ correspond to lattice modes and all other modes above 150 
cm ^ are internal and multi-phonon modes. Peak frequencies 
<cm~^). relative strengths and probable mode assignments of all 
the modes are listed in Table 5.1. Given symmetry assignments are 
inferred from the earlier reports [9.113* Among the lattice 
modes, the band at 118 cm'^ is a rotatory mode of symmetry and 



it involves the hindered rotation of NCS” about the C-axis on the 


(001) plane. The weak shoulder around 72 cm"^ may be due to the 
two-phonon processes involving difference bands. All other 
lattice modes correspond to translatory modes. In the internal 


mode region. 

strong bands at = 

C-N 

2051 

-1 

cm 

and 

^C-S 

* 747 

-1 

cm 

are C-N and 

C-S stretching modes. 

Whereas , 

the 

weak 

bands 

at 

■^N-C-S = 

cm'* and = 

475 

rl 

cm 

are 

i n 

plane 

and 

out-of-plane 

bending modes of NCS 

ions . 

respect i ve 1 y , 

Bands 

at 


- ] a b 

963 and 955 cm correspond to and respectively. 

The weak band around 1487 cm ^ (Table 5.1) is an overtone of v 

o 

fundamental. Small satellite bands at v' _ = 742 and 738: v' .. = 

L-b C-N 

2006 and 2026 cm ^ are C-S and C-N stretching modes of N-^^C-S and 
15 

N-C-S isotopic species. The weak spectral features around 2001 

and 2074 cm ^ have been attributed to multiphonon processes. 

involving represents critical point frequencies of 

external modes). Like all other MNCS (M = K, Cs.Na and NH.) 

4 

systems, peak intensities of the overtones of NCS bending modes 
in RbNCS are 3.5 times stronger than that of their fundamentals 
indicating significant anharmonic effects even at RT . 

5.4.2 IR Data at RT 

IR spetrum recorded at RT(299°K> can be seen from Figure 

5.3. The predominant bands at 2050, 748 and 483 and 470 cm are 

C-N stretching , C-S stretching bending 

^ „ and 6^ ^ „) modes, respectively. The spectral features 
N-C-S N-C-S 

around 960 and 951 cm~^ are overtones and combination modes of 



NCS“ bending modes. Bands at 2005 and 740 cm"^ are and v 

modes of N- C~S isotopic species, respectively. The shoulder 
around 2070 cm may be due to multiphonon processes involving 
L^p external modes. Peak frequencies. relative strengths 
and mode assignments of all the observed IR bands are summarized 
in Table 5.2. 

5.4.3 Thermosensitiv© Raman Spectral Regions 

The evolution of Raman Spectra, in the C-N stretching 
region with rising temperature is shown in Figure 5.4(a), for 
typical seven temperatures between 301 and 446°K. As the 
temperature increases peak intensity of the mode decreases 

monoton i ca 1 1 y with a slight linear increment in its bandwidth 

peak position of remains constant till 

595°K and increases abruptly for T>395°K. A small hump appears on 
higher frequency side of the n^ode around 368°K. As T 

increases further, the hump grows in its intensity at the expense 
of decrease in the peak intensity of the main mode. Typical 

changes in the normalized peak intensity of mode with 

T are shown in Figure 5.5(a). It is interesting to note that Iq.j^i 
decreases linearly with T in the temperature range 391~456 K. For 
T>436°K, it becomes infinitely small with a slight deviation from 

its linear behaviour. However, by extrapolating the linear 

o 

behaviour, I- curve intersects the horizontal axis around 4?9 K, 
C-N 

Considering T 4?9^K as an approximate transition temperature 
(T^). a plot of log versus log <|T-T^j) for } S |T-T^| ^ 48 K 
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gives an exact straight line with a slope of 0.902±0,08 {Figure 

>.5<b)). So the characteristic changes in I_ with T can be 

C-N 

expressed as ® with an order parameter exponent 

(3 0.45±0.04. This behaviour has been verified by repeating the 

experiment. The value of ft obtained in the repeated experiment is 

ft = 0.48 ± 0.04. As mentioned earlier. and remain 

almost constant for T well below T . But as T approaches T <i.e. 

c c * ’ 

395 < T < T^> both and increase anomalously {Figure 

3.6<a) and <b)> and once again become constant for T > T . 

c 

Raman Spectra in the C-S stretching region, recorded at 

five different temperatures above and below Xv are given in Figure 

>.4<b>. As T increases peak intensity of decreases 

monotoni cal ly with gradual broadening in its band width. Whereas 

the spectral features in the low frequency side of niode 

enhance in their intensity with T and become part of the wing to 

the main mode. For T> 448°K, a broad and weaker ^Q^g mode 

with a large asymmetrical wing in its lower frequency side, can be 

seen. Like the mode, peak frequency also remains 

C-N b-b 

constant for T well below T . It is interesting to note that as 

c 

T approaches T^, ^Q.g decreases {Figure 5.6(c>} in an exactly 
opposite manner to ^ind once again becomes constant for T>T^. 

The temperature dependence of Raman spectra in the 
external mode region is presented in Figure ?.4<c). On 

increasing the temperature, peak positions and relative strengths 
of all the lattice modes decrease continuously with a gradual 
increase in their band widths. Finally for T > 430 K, the lattice 
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structure completely smears off and a broad band spectrum with a 
small hump around 99 cm results in the external mode region. 
Typical variations in the peak frequencies of the lattice modes 
v^ith T are plotted in Figure 5.7. Peak frequencies of all the 

modes decrease gradually with T. Traslatory modes at 47, 65 cm~^ 
and a rotatory mode at 118 cm"^ (RT) show significant softening 
(i.e. 15^ at 450°K> with T. Whereas the peak frequencies of other 
lattice modes do not change appreciably. 

5.4.4 Thermal Behaviour of IR Modes 

IR spectra recorded at three different temperatures 

namely at 298°K (RT), 423°K (below T > and 448°K (above T ) are 

c c 

shown in Figure 5.5. On increasing the sample temperature gradual 
changes in the spectra can be seen. The most characteristic 

change is the apparent transformation of a doublet into a singlet 

in the NCS bending mode (<5|,j_Q_g) region. Similarly, the doublet 
in the overtone region of mode almost merges into a single 

band. The detailed IR spectra in the mode region were 

recorded in the absorbance mode and the typical spectra are shown 
in Figure 5.8 for five different temperatures below and above T^ . 

As T increases, peak position and intensity of 6^^j.^gmode 

decrease gradually. Whereas, the peak position and relative 

intensities of 6^ p ^mode remain constant with T, The variations 
in the peak frequencies and peak intensities of modes with 

T are summarized in Figure 5-9- As mentioned earlier, the peak 
position ^6^ p ^decreases continuously until K; further 

increase in T causes an abrupt fall and finally becomes constant 
for T > 441°K {Figure 5.9(a)). There is only a itarginal decrease 
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5.12(a>}. Whereas decreases continuously with temperature 
and become^constant for T>T^ (Figure 5.12(c)}. Characteristic 
changes in these & ^C-S ^^s'^'^enc i es with T are consistent 
with the Raman results. Peak intensity of mode remains 
constant for 1^ ^ Tj- shows a small jump around (Figure 
5.12<b>}. Whereas, the peak intensity of mode decreases 
continuously with T (Figure 5.12 <d>}. 

5.5 Di scussi on 

Since the structures of the low (ID RbNCS and KNCS 
phases are known to be isomorphous, it may be reasonable to assume 
that the structures of the high (I) phases are also isomorphous 
[10]. Hence, the transitions in both the materials can expected to 
be thermodynamically similar. The transition in KNCS has been 
interpreted as order-disorder type with regard to the orientations 
of NCS ions [12,151. Further, it has been identified as second 
order transition with a first order component [103. 

All the observed changes in the Raman spectra of RbNCS, 
namely, <i) the gradual broadening and replacement of the external 
mode region by a broad band spectrum, (ii) the characteristic 
linear fall in the peak intensity of the C-N stretching mode, 
(iii) the appearance and continuous growth in the relative 
intensities of sidebands in the *^C-S regions, and <iv) 
the anomalous changes in peak frequencies and band widths of the 
main v- and r. modes, reveal an order-disorder transition 
around 459±2°K. Similarly, the changes in the IR spectra reveal 
the transition at 441±5°K. The T^ values inferred from the 
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present studies are in good agreement with the reported (459±3°K) 
value CIO]. The observed reversible changes in the Raman and IR 
spectra without any hysteresis in the value, indicate a purely 
second order nature of the transition. 

5.5.1 Anti ferroelectric - like Ordering and Calculation 

of Order -Parameter Exponent 

At room temperature the doublet in the 6 region of 

IR spectrum is due to anisotropy of the crystalline field which 

is brought about by the layer structure of the RbNCS system. So. 

the gradual reduction in the peak separation between 6?; .... ... and 

N-C-S 

6^ r- c ^ approaches T can be attributed to apparent decrease 

|N| — L/.— o C 

in the anisotropy which probably occurs as a result of disordered 
oscillations of NCS ions. Additionally, the profound frequency 
shifts and the characteristic changes in the peak intensities of 
in plane bending modes . and the absence of such 

tendencies in the out-of-plane bending modes suggest that 

the crystal field parallel to (001) plane is much influenced 
during the phase transition. 

In the NCS group, the N atom^ are more electro-negative 
than the S atoms on the Pauling scale. So. one can expect a net 
dipole moment; like in the case of KNCS C14], the orthorhombic 
structure of RbNCS can be considered as analogous to an 
ant i f er roe 1 ectr i c with an ordered antiparallel arrangement of the 
net dipoles along [100] direction. Along these lines, the 
peculiar linear fall in the relative intensities. ®hd ’ 

of (Raman) and <5^_0_s modes with T (i.e. and 1^, « 
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jT-T^I ^ with ft at 0.45 ± 0.04), like square of the orderparameter 
(t 7^>. symbolizes the progressive (head to tail) reor i entat i ona 1 
disordering of NCS ions which leads to a paraelectric like phase 
above T . In other words, deep in the ordered phase the relative 
intensities. I^. are solely controlled by a long-range 
(ant i f erroe 1 ectr i c like) order. The consistent mean field type 
order parameter exponent {ft ss 0.45) obtained from two independent 
(Raman and IR> measurements suggests that thermally activated 
disordering processes in the vicinity of transition (i.e. 590 < T 
< 440°K) can be described in the frame work of Landau theory of 
structural phase transitions [15,163. To explain the saturation 
of the orderparameter observed at lower temperatures an Ising type 
free energy may be more appropriate [163. 


5. 5« 2 Raman Evidence of Internal Field 

According to the Curie principle [173, the centre of 
symmetry must always be preserved at an ant i f erroe 1 ectr i c phase 
transition if it is there in either of the phases. Although, 
dielectric measurements on RbNCS are not available, the retained 


centre of inversion symmetry during the ( tetragonal to 


orthorhombic) transition supports the '*anii ferroelectric' 


1 ike 


picture of RbNCS. Moreover, the anomalous changes observed in the 


v»p .. and Vp p regions (especially in the Raman spectra) of RbNCS 
near look strikingly similar to those (changes in the 

modes) reported by Durand et al [8] for KCN and NaCN near the 
ant i f erroe 1 ect r i c (ordered orthorhombic) to paraelectric 


trans i t i ons . 



128 


Durand et al [8] have proposed an Enharmonic oscillator 
model in which the influence of an intense electric field building 
up with decreasing T has been considered to explain thermal 
behaviour of modes in the ant i f erroe 1 ectr i c phases of KCN and 
NaCN systems. According to their model, the nth harmonic 
stretching mode under the influence of an internal electric 
field <E.^) splits into two components related to aligned (E.^)and 
counter aligned (E'*' > CN dipole configurations. The splitting 
energy difference is given by 




(E '*')] = hv (E.k> -hv (e'*') 
^ \ n n 


hv> ( o) 

(5a -p> p' (o>E.^ 


(5.1) 


Whereas, the relative shift in v^(E.|.> with respect to the 




zero field unspl i t,p Cv^(o) ) is given by 


|<5aj-p>p'<o> 
e e ^ 

1 


+-r (5a,-A>a 
Z 1 e 




(5.2) 


where K = force constant; 
e 


r = equilibrium position; p'= 


dipole moment gradient P=C “7 3 ^ 3* °‘e“ polarizability 

dr 


gradient ; A = ( r ^ 3 ^ ) sand 

dr 


a. 


enharmonic 


t * o 7 J ' vdr J • 1 

potential parameter. 

Along the similar lines, the observed Raman spectral 


changes in the and 


of RbNCS sample can be 


regions 
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explained by considering an internal electric field which is 

probably produced due to the cationic (Rb^ displacements in the 

ordered orthorhombic phase. Indeed, such cationic displacements 

have been observed [18] in (an isomorphous) KNCS system; moreover 

the thermal variations of cationic <K*> displacements were found 

to correlate with the temperature dependence of the order 

parameter ( 77 ) of NCS groups in the orthorhombic phase. So. the 

appearance of sideband on the higher frequency side of the main 

^C-N RbNCS) is probably due to the splitting of mode 

under an internal e 1 ect r i c- f i e 1 d (E). The stronger v band in 

the orthorhombic phase can be attributed to the Raman transitions 

from those NCS groups which form an aligned (E.^> dipole 

configuration with respect to the field <E.^>. Whereas, the 

sideband is related to the transitions from the NCS" groups which 

forma counter aligned <E'*') dipole configuration. The gradual 

growth in the relative intensity of sideband reveals an increase 

in the population of the counter aligned <E'l’> dipoles while the 

main electric field (E.,.) decreases as T approaches T . from below. 

c 

The characteristic linear fall in the peak intensity (I > of the 
mam mode, (as T approaches T^) symbolizes the gradual 

diminution of internal field (E.j.) and the progressive disordering 


in the antiferroelectric arrangements. 


Additionally. the 


anomalous increase in the peak frequency of mode and the 

gradual merging of the main and side bands into a broad singlet as 

T approaches T are in accordance with Equations (5.1) and (5.2). 

c 

They can also be regarded as spectral manifestations of internal 
field diminution by considering a positive sign for the 
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co-efficient C < 3a j -p) P ! < o ) } and a negative sign for { ( 3a ^ -p>P' (o>+ 
j (3aj-A)a^E^3 in Equations (5.1) and (5.£). 

Similar arguments can be put forth to explain the 

frequency shifts and intensity variations of the v mode and its 

V-f ” O 

sideband. Unlike the case, the stronger ^Q_g mode at higher 

frequency side is related to the aligned (E.^> dipole 

configuration and the satellite at lower frequency corresponds to 

the counter al igned (E'i') component. The gradual decrease in the 

peak frequency of the main mode with T is also in opposite to 

the temperature variations of mode. These results can be 

understood in the following way: 

From Equation (5.1), the appearance of the main <E*> 

n * 

band at higher or lower frequency with respect to the sideband 

v^(E'*') depends on the plus or minus sign of { < 3aj -p>P' (o) } . 

Similarly, a minus or plus sign of the coefficient 

{ ( 3a, -p> P' ( o) +i< 3a, -A) a'E+} in Equation (5.2) determines whether 
the main v (E.^) mode increases or decreases as the internal field 

decreases on approaching T^ . A more general theoretical model is 

needed for the quantitative analysis. However, the thermal 

behaviours of and mode suggest that an internal field in 

the orthorhombic phase of RbNCS influences C-N & C-S oscillators 
in an opposite way. 

5.5.3 Band Width Variation and Activation Energy 

As described earlier, all the external modes are 
temperature dependent to some extent but none of them individually 
show soft mode-1 iKe behaviour. Generally, in order-disorder 
transitions, the soft mode is likely to be a diffusive large 

amplitude motion which may be too low in frequency to be observed 
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by Raman spectroscopy C19.20]. However, an indirect manifestation 
of the relaxation motion may be observed in the large changes of 
the band widths of vibrational modes C21]. The anomalous increase 
in the band widths of many modes, in particular {Figure 
5.1?<a)3 of modes, can be related to the rapid head to tail 
fluctuations in the orientations of NCS ions as T approaches T^. 
An activation energy, U sx 0.29 ± O.Olev for the reor i entat i onal 
motion of NCS ion has been calculated by expressing the changes 
in terms of {Figure 5.1?<b>}. 

The replacement of Raman Spectrum in the external mode 
region by a broad band spectrum and all other characteristic 
spectral changes described in the previous section reveal the loss 
of translational invariance and the emergence of dynamic disorder 
in phase I as both the <NCS~ and Rb"*") ions are in motion. 
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and symmetry species of Raman active 
RbNCS at 298®K 


Cal External and Internal Modes 


Vi brat i on 
frequency 
< cm ) 


Relative Mode Symmetry 

strength assignment species 1 " 


47 

VS 

5> 

vs 

65 

s 

72 

sh 

99 

ms 

118 

vs 

151 

sh 

475 

vvw 

481 

vvw 

747 

ms 

2051 

vs 


T 

<A .B ) 

g g 

T 

B 

g 

T 

g g 

? 

B 

g 

T 

B 

g 

R 

A 

g 

T 

A 

g 

°N-C-S 

B 

g 

°N-C-S 

(A .B„) 

g g 

^C-S 

g g 

*^C-N 

(A .B ) 
g g 


2051 


Cb3 Multi-phonon inodes and Internal modes of isotopic species 



Vi brat i ona 1 
frequency 
< cm ) 

Re lat i ve 
strength 

Mode 

ass i gnment 

Symmetry 
species t 


99> 

vvw 


^^N-C-S 

9 g 


963 

w 


^*N-C-S 

(A .B ) 

9 9 

MiJlti~phonon 

Modes 

vvw 


2*'c-s 

(A .B > 

9 9 


2001 

w 


m“*- 

C-N cp 

30) 

cp 

(A .B > 

9 9 


2074 

w 


(three phonon ?> 


738 

m 


V ' 

C-S 

(A .B ) 

9 9 

Internal 

Modes of 

742 

m 


P * 

C-S 

(A .B ) 

9 9 

Isotopi c 

Spec i es 

2006 

m 


P * 

C-N 

(A .B. > 

9 9 


2026 

w 


v ' 

C-N 

(A ,B ) 

9 9 


t Inferred from [9,11] 
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Table 5. * IR acbive internal and multi -phonon modes of RbNCS 

at room temperature 


Vi brat i ona 1 
f equency 

(cm ^ ) 


Relative 

strength 


Mode 

as3 i gnment 


Z005 


2050 


N-C-S 


N-C-S 


"c-s 


'^N--C-S'*'‘^N-C-S 


N-C-S 


2070 


’^C-N ■‘■*"cp 

(L =20) 
cp 
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b 


Figure 5.1: Orthorhombic structure of RbNCS projected onto the 
(001) plane. The shaded and unshaded NCS ions lie at Z = 1/4 and 
Z = 3/4, respectively. While the dashed Rb '' ions lie in 


the Z= 1/2 plane. 
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Figure 5.3: Infrared spectra of RbNCS recorded in 
transmittance mode at 298 (RT), 423 and 448 K. 


the 



INTENSITY (orb. units) 
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WAVENUMBER (cnff’) 

Figure 5.4; Temperature evolution of Raman spectra in the (a) C-N 
stretching, (b) C-S stretching and (c) lattice modes regions. FS : 
represents the recording sensitivity (photon counts/seconds) . 
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Fi£ure 5.6: Typical changes in the (a) bandwidth ^c-N’ 
positions, (b) and (c) of Raman modes with temperature 


Figure 5.7: Peak frequencies (cm of the lattice (Raman) modi 
as a function of temperature. 
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Figure 5.11; IR transmittance spectra in (a) jj and (b) 
regions at various temperatures below and above T^. 
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CHAPTER 6 


VIBRATIONAL SPECTRO^OPY OF STRUCTURAL PHASE TRANSITIONS AND RAMAN 

evidence of librational fluctuations in thallium thiocyanate 

Abstrac t 

The detailed analysis of Raman and IR spectra of 
Thallium thiocyanate ^TINCS) in the temperature range 293-458°K 
has been carried out. Peak positions, bandwidths and relative 
strengths of almost all the vibrational modes have been measured. 
A careful search of the Raman spectra very close (> 7 cm ^ > to the 
incident laser frequency revealed no soft modes. However, 
indirect manifestations of orthorhombic to tetragonal structural 
phase transition <SPT> have been found in large changes of 
bandwidths. peak positions and relative intensities of many 
thermosensitive internal and external modes near T at 567°K <=T^>. 

More precisely, the linear variations in reduced peak intensities 
<1^ & 1^^ Raman external modes and complete 

disappearance of fT'ode at symbolize the progressive 

reor i entat i ona 1 disordering processes as T approaches (from 

below). The values of fi obtained from these measurements are (0.46 
±0.04 and 0.45 ± 0.04) strikingly consistent. The characteristic 
temperature dependence of 1^ for T above T^ has been attributed to 
thermal variations of correlation length and a mean field type 
correlation length exponent, v st 0.46 ± 0.04 has been extracted 
from the data. An abrupt increase in bandwidths of some of the 
external and internal modes near T^ has been attributed to the 

disordering of NCS 


or i entat i onal 


ions. 


An activation 
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energy U s* 0.52 ± 0.02 ev, for the reor i entat i ona 1 motion of NCS 
ions, has been calculated from the large changes in bandwidth of 
near T^. Like RbNCS. the appearance of side bands in the 
*^C-S *^N-C-S regions of Raman spectra can be related to 

splitting due to an internal field in the ordered orthorhombic 
phase. The continuous growth in the relative intensities and 
decrease in splitting energies reveal the gradual diminution of 
internal field as T approaches T 

c ■ 

Publications based on the material contained in this chapter are 
the following: 

[A] S. Sathaiah. V.N. Sarin and H.D. Bist. Proc. Int.Conf. Raman 
Spectr. XI. England. 459 <1988). 

[B3 S. Sathaiah and H.D. Bist. 3 . Chem. Phys. (submitted). 
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6. 1 Introduction 

The general role of thermally activated disordering 
processes and critical fluctuations near an order-disorder SPT 
can be investigated spectroscopically by recording changes in the 
band profiles of thermosensitive external as well as internal 
modes [1-53. A study of relationship between the spectral 
manifestations of disorder in regions of both the internal and 
external modes is expected to enhance the amount of information 
that can be deduced from such investigations [4-61. With these 
points in view, a comprehensive temperature <T) dependent 
vibrational study of SPT in TINCS in the range 293-438 K has been 
carried out. The spectroscopic characterizations of disorder in 
TINCS are presented here for the first time. 

6. 2 Crystal Structure 

At room temperature <RT), TINCS crystallizes in an 

ordered orthorhombic structure. The symmetry of the structure has 

been related to the space group Pbcm with four formula units 

in the primitive cell [7,8]. From thermal <0^^ DSC) C9] and 

x-ray diffraction [10] studies TINCS was found to undergo a 

transition around T 365°K from orthorhombic structure to 

c 

disordered tetragonal phase (I). The transition has been 
identified as second order on the basis of continuous changes in 
volume and latent heat of transformation. 

6. 3 Experimental 

For Raman spectral measurements. 514.5 nm radiation of ae 
20 mW power,- from an Ar^ laser was used to excite the sample. 
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Spex Ramalog system to record the spectra. IR spectra were 
recorded using Perkin Elmer ?80 double beam spectrometer. The 
detai Is of the experimental set up are same as given in chapter 2. 
The average heating rates in the present Raman and IR measurements 
were at 0.3 and 0.5°K min respectively. 

6.4 Results 

6. 4. 1 Raman Spectrum at Room Temperature 

The .room temperature Raman spectrum of TINGS powder is 

shown in Figure 6.1. The predominant bands below 150 cm"^ 

correspond to lattice modes and all other above 150 cm'^ are due 

to internal and multiphonon modes. Peak frequencies, relative 

strengths and probable mode assignments of all bands are listed in 

Table 6.1. Given mode assignments are inferred by comparing RT 

and T dependent data of TINGS with other reported data on 

isomorphous MNGS <M=K. Rb) systems [11,12]. The lattice modes at 

Vj=26, ^>2 = 40. 5 & t>^=142 cm ^ can be attributed to translatory 

modes. Whereas, the stronger band^ at v^ = 73 cm ^ is due to 

in-plane {N-C-S containing plane! rotatory mode (whose bandwidth 

is highly thermosensitive). The weaker feature at 57 cm ^ is 

probably a multiphonon mode. 

In the internal mode region, stronger bands at “ 

2029 and = 736 cm~^ are G-N and C-S stretching modes, whereas 

^ 463 and 6?^ a* 456 cm"^ are in-plane and out-of-plane 

N-C-S N-C-S 

bending modes of NCS ions. The bands at 916 and 930 cm are the 
overtones of 6^^ fundamentals. Bands at " 1987 and 
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?007cm-' , and = 728 cm"' are C-N and C-B stretching modes 
of N-^^C-S and ^^N-C-S isotopic species. The weaker and broader 
features are probably due to multiphonon processes 
involving ± <L^p represents the critical point 
frequencies of lattice modes). Like RbNCS. the side bands at 
2046. 751 and 460 cm display increase in relative strength, 
gradual decrease in separation and merging into the main bands as 
T approaches T^. So the appearance of these side bands at RT can 
be related to splittings due to an internal field in the 
orthorhombic TINCS. 


6.4.2 IR Spectrum at RT 

The unpolarized. IR transnrti ttance spectrum of TINGS is 

given in Figure 6.2. The dominant bands at u- = 2060 and _ = 

C-N C-S 

745 cm ^ are C-N and C-S stretching modes. Whereas = 485 

and = 469 cm ^ are in-plane and out-of-plane bending modes. 

Bands at 949 and 967 cm ^ are the overtone and combination modes 

of fundamentals. The weaker feature at 2015 cm ^ is a C-N 

stretching mode of N-^^C-S isotope. The shoulders at 767 and 2080 

cm ^ are probably due to multi-phonon processes involving and 

L . 
cp 

6. 4. 3 Thermal Behaviour of Raman Modes 

Thermal evolution of Raman spectra of TINCS powder in 

the external mode region is shown in Figure 6.5. for various 

temperatures below and above T . On increasing temperature, 

c 

gradual changes in the spectra can be seen. The most interesting 
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fF.gure 6.6<b)) of logl^ versus log|T-TJ gives an exact straight 
line with a slope of 0.91 ± 0.08. So the peculiar linear 

variation in can be represented as ot <|T-T^()^^ with an 

order parameter exponent ft at 0.46 ± 0.04 for 300 <|T-T [< 367°K 

The characteristic linear behaviour of has been verified by 
repeating the experiment. The values of ft and T obtained by the 


repeated experiment are ft ix 0.46 ± 0.04 and T 


365 K . Similar 


linear variation in the reduced peak intensity has been 

observed for mode. But does not become zero. it only 

changes in its slope at T , and then decreases slowly for T>T 

c ‘ 

Typical changes in the normalized CI^ - l^] versus T are plotted 
in Figure 6.6<c) for 300 < T < 367°K. Where represents 

intensity contribution from the order parameter fluctuations near 
T^ and it has been extracted from the T dependence of 1^ 
for 367 < T <400°K (the detailed description is given in section 
6.5.3). A log-log plot of C 1 .j - Ip] versus (|T-T^j) gives an 
exact straight line (Figure 6.6<d)} with a slope of 0.9 ± 0.08. 

Thus a consistent value of ft ca 0.45 ± 0.04 has been obtained by 
expressing [I^ - Ip] oc 

Raman spectra in the internal mode region, at various 
temperatures above and below T^ . are given in Figure 6.7, As T 
increases, peak intensities of all internal modes decrease, while 


their bandwidths increase with some gradual variations in peak 
positions. It is interesting to note that the side band (a* 2046 
cm'\ at RT) on the higher frequency side of the nain mode 
{Figure 6.7<a)} grows in its relative intensity at the expense of 
decrease in the peak intensity of the main mode as T 
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{Figure 6.6(b)} of loglj versus loglT-Tj gives an exact straight 

line with a slope of 0.91 ± 0.08. So the peculiar linear 

variation in can be represented as oc (iT-T^j)^*^ with an 

order parameter exponent ft 0.46 ± 0.04 for 300 <|T-T |< 367°K. 

The characteristic linear behaviour of has been verified by 

repeating the experiment. The values of ft and T obtained by the 

c 

repeated experiment are ft a. 0.46 ± 0.04 and T^ = 565°K. Similar 

linear variation in the reduced peak intensity I has been 

> 

observed for mode. But does not become zero, it only 

changes in its slope at T^, and then decreases slowly for • 

Typical changes in the normalized CI^ - 1^] versus T are plotted 
in Figure 6.6<c) for 300 T < 367°K. Where represents 

intensity contribution from the order parameter fluctuations near 

r 

T^ and it has been extracted from the T dependence of 
for 367 < T <400°K (the detailed description is given in section 
6.5.3). A log-log plot of tl, - I-.] versus j) gives an 

J iJ w 

exact straight line (Figure 6.6<d)} with a slope of 0.9 ± 0.08. 


Thus a consistent value of p ^ 0.45 ± 0.04 has been obtained by 
expressing CI^ - 1^] oc jT-T^|^^. 

Raman spectra in the internal mode region, at various 
temperatures above and below T^, are given in Figure 6.7. As T 
increases, peak intensities of all internal modes decrease, while 
their bandwidths increase with some gradual variations in peak 


positions. It is interesting to note that the side band 2046 
cm~\ at RT) on the higher frequency side of the main mode 
(Figure 6.7(a)} grows in its relative intensity at the expense of 


decrease in the peak 


intensity of the main ^ 
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approaches . In addition. band*.idths and peak positions of the 
mam modes increase abruptly near T^. Finally, a single and 

broader band can be seen in the region for T>T^. Similarly, 

the structure on the low frequency sides of v> {Figure 6.7<b>} 

‘^N-C-S 6.7<c)} gradually increase in their strengths 

as T approaches T^. F i na 1 1 y . f or T>T^ . broad bands with large 

asymmetric wings on the low frequency sides can be seen in the 

^C-S ‘^N-C-S 

Typical changes in peak intensity bandwidth 

of C-N stretching mode and peak frequencies of all the internal 
modes with T are plotted in Figure 6.8. I decreases 

continuously {Figure 6.8(a)} with a change in the slope around T 

c ‘ 

Whereas, [denoted by 0 or A in Figure 6.8<a)3 increases 

linearly with T showing an abrupt jump near , There are only 

marginal changes in the peak positions for T well below T- . As T 

c 

approaches T^ , increases anomalously {Figure 6.8(b)} while 

there is a continuous decrease in v {Figure 6.8(c>} and 6 ., _ 

u-5 N~C-S 

{Figure 6.8(d)} modes. All the observed changes in Raman spectra 

are reversible during heating and cooling cycles without any 

hysteresis in T value. 

c 

6. 4. 4 Ten^eralure Dependence of IR Spectra 

IR spectra in the internal mode region are presented in 
Figures 6.2 and 6.9 for different temperatures below and above T^. 
As T increases gradual changes in the band profiles of 
[Figure 6.9(a)}, {Figure 6.9(b)} and j,_g {Figure 6.9Cc)3 

can be seen. Typical changes in peak intensities, bandwidths and 
peak positions of the internal modes are plotted in Figure 6,10. 



The peak intensity of the side band <a. 208? cm’^) in the v 

C-N 

region {Figure 6.9<a>} increases continuously with T (Figure 


6.10<a>}. Whereas, the peak intensity of the main mode 

remains constant (Figure 6.10(b)) throughout the studied T range. 

The peak intensity of mode (Figure 6.10<c)} decreases 

continuously with a change in its slope around ?65°K (ai T ). 

c 

There is only a marginal variation in between ?6?-585°K and* 

it decreases anomalously for T>585°K. Peak intensity of sf. „ » 

mode remains constant till and then decreases continuously 

with a change in its slope around ?67°K (Figure 6.10(d)3. Between 

567-590°K it shows a marginal variation and an anoiT)alous 

diminution for T>?90°K . Peak intensity of remains almost 

constant except for a small jump around ?67°K <T^) (Figure 

6.10<d), o points). Figures 6. 10(e>and<f> .respectively . show the 

increase in the band width and peak frequency of C-N 

stretching mode near and above T^. Whereas peak frequencies 

a 

g [Figure 6.10(g)] and 6nj_g_g[F i gure 6.10(h)] remain almost 

constant until ?90°K, decrease anomalously between ?90-41?°K and 

once again become constant for T > 415 K. Peak frequency 

b 

remain constant throughout the studied temperature range 
(29?-458°K) [Figure 6.10(h>]. 

6« 5 Discussion 

All observed changes in Raman spectra, e.g. (i> the 
anomalous enhancement in bandwidths significant 

changes in peak frequencies and p,, <iii> linear decrease in 

relative intensities and and <iv) the complete 

disappearance of mode around 567 K reveal an order disorder 
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SPT at that temperature. Similarly, changes in the IR spectra 
indicate the transition to be at >67 ± 2°K. The values 

obtained from both experiments are in good agreement with the 
reported ^ >6>°K from x-ray and thermal investigations [10], 
Consistent spectral results in both heating and cooling cycles 
without any hysteresis in values are in accordance with the 
reversibility and second order nature of the transition. The IR 
spectral changes in the and modes indicate another 

possible transition around 410°K. which needs further 

i nvest i gat i on . 

6.5.1 Anomalous Increase in y and Calculation of 

Activation Energy 

A careful search of the Raman spectra closer to <i.e. S 

7 cm ^ > the incident laser frequency revealed no soft modes 

associated with the transition. Generally, in order-disorder 

transitions, the soft mode is likely to be a diffusive large 

amplitude motion which may be too low in frequency to be observed 

by Raman spectroscopy Cl>.14]. However, an indirect manifestation 

of this relaxational motion has been observed in the large changes 

of bandwidth <yj> of a rotatory mode The anomalous 

increase in {Figure 6.11(a)} in the vicinity of T^ 

(i.e. 358 < T < 367°K> can be fitted in the (Arrehenius law) 

~U/K T 

expression e B , where U = activation energy for the 

? 

re-orientational motion of NCS ions and Kg= Boltzmann constant . 

A plot of Iny^ versus 1/T {Figure 6.11<b)} gives an exact straight 
line. The value of U 0.32 ± 0.02 ev extracted from the slope is 
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in good agreement with the values, U = 0.41, 0.29 ± 0 02 ev 

obtained for KNCS [153 and RbNCS [Chapter 53 systems. 

respect i ve 1 y . 

6.5.2 Raman Activity of Hard Mode 

The existence of soft modes in Raman spectra is the most 
interesting manifestation of SPTs in solids. But it is by no 
means the only striking spectral change induced by SPTs [163. The 
most striking spectral manifestations of SPTs occur for some of 
the modes which are not directly involved in the phase transition. 
These modes are called hard modes and they consist in either 
activation of silent modes and/or splitting of degenerate modes 
below T . As described in chapter 1. a quantitative account of 

W 

mode splittings. relative strengths of new bands and their 
temperature dependences can be made on the basis of an evaluation 
of the coupling between the order parameter and other relevant 
degrees of freedom. 

In TINCS. the external mode is found to be Raman 

active below T and inactive above T . It is interesting to note 
c c ^ 

that the reduced peak intensity of mode varies linearly with 

r* 0 9 

T Ci.e. I like square of the order parameter (r}) . 

c, c 

This peculiar linear behavior of suggests that the 

2 

thermodynamic potential involving t? as one of its lowest 

invariants may describe the effects induced by SPT in TINCS. 

2 

Indeed such an expression for free energy involving r) invariants 
has been proposed by Schranz et.al [J73 to explain some of the 
experimental results in an isomorphous KNCS system. 



6. 5. 3 


Critical Scattering and Correlation Length Exponent 
Deep in the ordered phase, the reduced peak intensity 
of mode also varies linearly with T, implying that it is solely 
governed by long-range order. But as T approaches there is an 
additional contribution to evidently from the fluctuations of 
T) . Fluctuating clusters of r) appear and enhance in their sizes as 
T approaches T^. The size of these clusters can be described by a 
correlation 1 ength ? « ( | T-T J . where is the correlation 

length exponent. The effect of fluctuating clusters has been 
considered by Dultz C183 to explain the critical light scattering 
intensity near an order-disorder transition in KCN system. 
According to that theory the Raman scattered intensity in the 
disordered phase can be related to ? by 


I = a + b 1 - 


tan ? 
o^ 


<6 . 1 ) 


Where a and b are temperature independent parameters and k is the 

o 

radius of a small spherical region in k space around the critical 

wave vector k (i.e. k is the wave vector where fluctuations 
c o 

become critical). To select only small number of phonons with 
wave vectors near k^. the peak height has to be considered in the 
quantitative analysis instead of integrated intensity. Along 
similar lines, the in TINGS, for T > T^ can be assumed to 
depend only on temperature via ? .The product at different 

temperatures between ?67"400^K has been obtained by fitting the 
data on temperature dependence of {Figure 6.12(a>} to the 

A log-log plot {Figure 6,12{b?) between 


expression <6,1), 



161 


and <T-T^) gives an exact straight line with a slope of (-0.46 ± 

0.04). The product m Figure 6.12 represents the actual 

correlation length (?) measured in the units of reciprocal radius 
. So. the temperature dependence of ? can be expressed as ? « 

(|T-T^|) with = 0.46 ± 0.04. The observed exponents ft a< 0.46 ± 
0.04 and w a, 0.46 ± 0.04 are strikingly consistent with mean field 
values. 

6.5.4 Raman Internal Modes and Local Field 

Like in RbNCS, the appearance of side bands and 

characteristic changes in relative intensities and peak 

frequencies of ^C-S ^N-C-S explained by 

considering the existence of an internal field CE^> in the ordered 

orthorhombic phase of TINGS. The stronger bands in 

regions, at RT , can be attributed to Raman transitions from 

NCS groups which form an aligned (E.^) dipole configuration. 

Whereas, the side bands at higher frequency side of the main v- 

C-N 

or lower frequency sides of main and modes correspond 

to the spectral components of the counter aligned (E'^> dipole 
configuration. The gradual growth in relative strengths of side 
bands at the expense of decrease in the relative intensities of 
corresponding main bands reveals an increase in the population of 
the counter aligned dipoles while the main electric field 
diminishes as T approaches T^. The anomalous increase (or 
decrease) in the main ^C-S ^N-C-S^ mode and the 

gradual merging of the main and side bands into a broad singlet 
are also in accordance with [Equations (5.1) and (5. 2)], the 
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internal field diminution, as T approaches T^. Additionally. the 
appearance of side bands at the lower frequency sides of the main 
^C-S ^N-C-S rnodes and the gradual decrease in the peak 

frequencies of mam bands as T _ T^. in contrast to modes. 

suggest that the internal field influences C-N; and C-S and N-C-S 

oscillators in sin opposits 


manner . 
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Vibrational frequencies, relative strengths and 
tentative assignments of Raman active inodes in 
TINCS at room temperature 
Ca) External and Internal inodes 



V 1 brat i ona 1 
f equency 

(cm ) 

Re lat i ve 
strength 

Mode 

assignment t 


26 

ms 

T 


40.5 

ms 

T 

Externa 1 

57 

sh 

multi -phonon ? 

Modes 

^ 73 

vs 

R 


142 

vs 

T 


456 

w 

N-C-S 


460 

w 



463 

w 

‘5n-c-s<S> 

Interna 1 

731 

m 


Modes 

736 

s 



2029 

vs 



2046 

m 
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Cb) Multi -phonon modes and internal inodes of isotopic species 



V 1 brat i ona 1 
f equency 

(cm ^ ) 

Re lat i ve 
strength 

Mode 

ass i gnment 

Critical 
point L 
f requenc^ 


916 

w 

<c-s 


Multi -phonon 

950 

m 

26®. - - 


Modes 



N-C-S 



1960 

vw 

^C-N ^cp 

69 


2066 

\Ai 


57 


2109 

vw 

'•c-N+'-cp 

80 


728 

m 



Internal Modes 
of Isotopic 
Spec i es 

1987 

m 

C^'c-N 



2007 

w 

V’ 

C-N 



1 * Inferred from [11,12] 
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Table 6.2 


Vibrational frequencies 

M •‘-ies and assigments of IR 

active internal and mnl i 4 

-HU muat a -phonon inodes in TINCS 

at 208 K 


Vibrat ional 
f equency 

( cm ^ ) 

Re 1 at i ve 
strength 

Mode 

ass i gnment 

469 

m 

‘^N-C-S 

48 3 

s 

"^N-C-S 

745 

5 

*^C-S 

767 

w 

Mult i -phonon 

949 

w 


967 

w 

'‘^N-C-S 

2015 

w 

^ C-N 

2060 

vs 

^C-N 

2080 

sh 

Multi -phonon 



>IZSd 

(S)!un -qJD) AilSNBlN! 



2200 2000 ' ' 950 750 ^ 500 400 

WAVENUMBER (cm') 


293®K and 39e®K 


Fi£ure 6.2: 


Infrared spectra of TIKCS at 
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+ -Dn of spectra m th 

Figure 6.3: Temperature evoiu i -1 . 

'1 and (b) 5 - 1®° regions. t 

external «de Ca) 5 - 55 « 

are the temperatures 297, 324, 


order . 




Fifiure 6.4: Temperature dependence of the peak positions 

and bandwidths of Raman external modes, (a)v^, (b) (c) 

^ 3 ' ^ 3 ' ^ 2 * ^ 2 ' ^ 1 ’ 

respectively. 
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Figure 6.6: 
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log (IT -TcD 


The linear variation in the reduced pee 


JT IT 

intensities (I^ and I^) of Raman external modes with T. 


(a) I 


(normalized) versus T, (b) log(l 2 ) versus lofi(|T-T^j), (c) 
versus T and (d) logCI^-Iij) versus log(jT-T^j) 





INTENSITY (arb. units) 


17A 



WAVENUMBER (cm-1) 

Fifiure 6.7: Thermal evolution of Raman spectra in the (a) C-N 

stretching, (b) C-S stretching and (c) N-C-S bending mode regions. 
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Figur. «.10! Typical ch«.g.. in the p.ak frequanci.a. 
intenaitias and halfvidtha of IF int.rn.l aod.a. Paak intan.iti.a 
of (a) a ohouldar at 2080 ca'‘, (b) C-H atratching (Pc.k>' 
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Figure 6.11: Exponential increase in the bandwidth of Ra»an 

librational node (a) y, versus T and (b) In versus 1/T (x 10“* 
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CHAPTER 7 


SUMMARY AND CONCLUSICMIS 

In this thesis a detailed analysis of <i> vibrational 
(Raman and IR) spectroscopy of SPTs in CsNCS . RbNCS and TINCS; and 
<ii) "Period doubling" like oscillatory instabilities near the SPT 
in CsNCS crystal have been carried out. The results have been 
discussed in the context of known theoretical models. 

Vibrational spectra of MNCS <M=Na. K, Rb. Cs , NH^ and 
Tl> systems reveal considerable enharmonic effects even at room 
temperature. The peak frequencies of C-S and C-N stretching modes 
show strong cationic dependence. Whereas, the peak frequency of 
the bending mode is almost same for all the MNCS systems. It is 
interesting to note that C-N stretching frequency O'f alkali 
thiocyanates varies linearly with cationic radius as shown in 
Figure 7.1 

Prior to the present work, vibrational studies of SPTs 
have been reported only for KNCS and NH^NCS systems. Careful 
analysis of the temperature dependent Raman spectra of NaNCS 
crystal indicated that the orthorhombic NaNCS allows a reasonable 
amount of disorder but the sample gets melted before it had a 
chance to change the structure [11. 

Vibrational spectroscopy of SPTs in RbNCS, CsNCS and 
TINCS revealed no soft modes associated with the transitions. 
However, the indirect spectral manifestations of order-disorder 
SPTs have been found in the large changes of bandwidtha, peak 
intensities and frequencies of many thermosensitive modes. 
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Exponential increase in the bandwidthe of » ^ j-u • ^ 

® ot sopfie of the vibrational 

modes near T have been used to extract a,.+ * 

c activation energies <U) 

for the re-orientational motion of NCS~ inrv.= n- » .. 

ions. The values of U 

obtained for RbNCS. TINCS and CsNCS are o. 46 . 0.29 and 0.>2 ± 
0.02ev. respectively. These values are in good agreement wi th the 
previously reported (U 0.41ev) value for KNCS system [2]. 

Similarly, order parameter exponent (/?) and correlation length 
exponent v have been extracted from the characteristic changes in 
the integrated (or reduced peak) intensities of some of the 

thermosensitive vibrational modes. The value of ft obtained for 


CsNCS. RbNCS and 

TINCS are 

0.55. 0.45 and 0 

.46 

± 0.04, 

respectively. The 

value of 

V ^ 0.46 ± 0.04 

for 

TINCS is 

strikingly consistent with the 

mean field exponent. 



Compar i son 

of present 

studies with known 

ones 

in other 

systems reveals an 

“antiferroelectric" like structure 

. and the 


existence of internal field in the ordered orthorhombic phases of 
RbNCS and TINCS. Moreoever, the observed spectral changes suggest 
that the order-disorder transitions, in all the studied samples, 
occur as both cation and anion are in motion. This mechanism for 
the phase transition involving a co-operative dynamic 
re-orientational disordering near T^ as both ions are in motion 
CFigure 7.23 is consistent with previously reported X-ray E3,43 
and neutron diffraction studies C5]. More experiments have to be 
performed to understand clearly the anharmonic interactions and to 
establish all the possible couplings in these materials. Further, 
it would be interesting to extend the present work to SPTs in 
mixed crystal alkali thiocyanates. 



Among all the SPTs in MNCS systems. 

® * trains i 

CsNCS is -Fr. ion in 

Tound to be completely different. Th_ , 

•ne large 

change at t x. . ®ntropy 

' . the first order character of the + 

c ^ransitjr,,^ 

cubic SVmrr.Q+ 

riiimetry, enhanced anharmonicities near T 

disordered na+ x. t ^ highly 

u nature of the phase I are unique featur 

sample CsNCS 

fnong all the MNCS systems. The most interest" 

aspect is tK novel 

tne observation of laser induced temporal 

f''-'* os£ j , 

and cascad r ^ Nations 

ae of period doublings as a function of laser 

time na-. *^^®diation 

the SPT in CsNCS crystal. From the 

simi lari t ’ ®tr jking 

*es between the observed phenomenon and no„i 

bifurcatio °0'Jbling 

ions which occur in diverse nonlinear physical 

and hi I • * ^^ewical 

° ogical systems, different oscillatory reoinoa 

yions CsNCS 

crystal have been related to successive *'^stabi 1 i t i es 

intpr 1 some 

nal Parameter of the system changes with the irradi 

i n a 1 ^ * cn time 

sel f-control led manner. Considering thermal 

indu d 

ced changes as the major sources, probable 

.nonlinear 

eraction mechanisms for the observed Phenomenon h 

been 

proposed. 

More experiments are needed to understand the me> 

"’®chanisms 

involved and to find out the parameters which control th 

stability of periodic oscillations in CsNCS crystal. Fur+u 

urther work 

*s planned to obtain well controlled time series d 

* ‘for 

quantitative analysis. Finally, it should be emphasized fh , 

^nat the 

observed oscillatory scattering in CsNCS crystal ia the 

of 

‘■ts kind. In order to explain all the ol^servations 

quantitatively, a theoretical model is needed which tak« 

«Kes into 

account the combined effects of structural and Photo- incjyced 
changes on the optical characteristics of CsNCS crystal. 
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Figure 7.1* Variation in the peak f 
mode with cationic radius for 
(NaNCS, KNCS.RbNCS and CsNCS > systems. 


requency of C-N st 
four alkali thi 


*'®iching 

*^cyanate 



Figure 7.2* Temperature dependences of the order parameter n of 
NCS" and the spontaneous displacement Ax of K in KNCS system, 
are scaled at EA3 
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